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Foreword 


The American Society for Nondestructive Testing, Inc. (ASNT) has prepared this series of 
Personnel Training Publications to present the major areas in each nondestructive testing 
method. Each classroom training book in the serics is organized to follow the Recommended 
Training Course Outlines found in Recommended Practice No. SNT-TC-1A. The Level 1 and 
Level 11 candidates should use this classroom training book as a preparation tool for 
nondestructive testing certification. An ASNT NDT Level I or Level I1 may be expected to know 
additional information based on industry or employer requirements. 
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Chapter 1 


Introduction to Electromagnetic Testing 


EARLY OBSERVATIONS OF MAGNETIC ATTRACTION 


Electromagnetic testing is one of the oldest nondestructive testing 
method. Thales of Miletus (600 B.C.E.) first recorded that rubbing 
amber induced a state in which the amber would attract other light 
objects. The Greek word for amber is electron. Thales also 
mentioned the remarkable powers of lodestone (iron oxide), also 
known as magnetite. 

Democritus (400 B.C.E.) provided concepts of an atomic 
structure of matter. Democritus’ fifth principle states that, “varieties 
of all things depend on the varieties of their atoms, in number, size 
and aggregation.” Many electromagnetic tests intend to identify the 
specific atoms in materials and the discontinuities that occur in these 
materials when needed atoms are missing or separated from their 
neighbors. 

By 1200 A.D., the use of the magnetic compass was reported in 
China. At about the same time, Englishman Alexander Neckam also 
reported the use of the compass in navigation, In the year 1600, the 
physician William Gilbert wrote a comprehensive description of his 
18 years of experiments and his theory of magnetism in the book 
De Magnete. 


Development of Induced Currents 

Electromagnetic induction had not been observed nor explained 
before the nineteenth century. James Clerk Maxwell, shown in 
Figure 1.1, summarized the first 50 years of electromagnetism in the 
book, A Treatise on Electricity and Magnetism. 


Figure 1.1: 
James Clerk 
Maxwell. 


Oersted's Discovery 

Maxwell explained that conjectures had been made as to the 
relationship between magnetism and electricity, but the laws of these 
relationships remained entirely unknown. Hans Christian Oersted 
(shown in Figure 1.2) observed that a wire connecting the ends of a 
voltaic battery affected a compass in its vicinity. In his published 
account in 1820, he explained that the current itself was the cause of 
the action, and that the electric conflict acts in a revolving manner: 
that is, a compass placed near a wire transmitting an electric current 
tends to set itself perpendicular to the wire, and always points 
toward the wire as the compass is moved around the wire. The space 
in which these forces act may therefore be considered a magnetic 
field (shown in Figure 1.2b). 

Oersted's discovery meant that the lines of magnetic force are at 
right angles to the wire, and are therefore circles perpendicular to the 
wire. 


Figure 1.2: Hans Christian Oersted: (a) with student Oersted 
discovers electric current’s magnetic effect on compass when 
circuit is completed; and (b) Oersted’s observation that 
compass needle near electric current moves to position 
perpendicular to direction of current. 
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Faraday's Law of Electromagnetic Induction 

Electromagnetic testing originated when Michael Faraday 
discovered the effect of electromagnetic induction while 
experimenting with coils of wire and a battery. He noticed that by 
connecting one coil to a battery, there was an instant electrical 
current through a second coil placed near the first coil when he 
switched the battery on and off. He also concluded that the second 
current was in the opposite direction of the first current. 

Similarly, Faraday found that moving the secondary circuit 
toward the primary induced a current opposite to the primary current 
in the primary coil. Also, moving the secondary circuit away from 
the primary induced a current in the same direction as the primary 
current in the primary coil. Maxwell explained that, “the direction of 
the secondary current is such that the mechanical action between the 
two conductors is opposite to the direction of motion, being a 
repulsion when wires are approaching, and an attraction when they 
are receding.” This electromotive force was observed by Faraday but 
was given more systematic treatment by Heinrich Lenz. 


Figure 1.3: Electromagnetic induction in a direct current circuit. 


Switch 


Primary 
qe coil 


Secondary 
coil 


Battery Ammeter 


David E. Hughes performed the first recorded eddy current test in 
1879. He was able to distinguish between different metals by 
observing and noting a change in excitation frequency resulting from 
effects of a test material's resistivity and magnetic permeability. 


James Clerk Maxwell 

James Clerk Maxwell conceived and published the 
comprehensive group of relations to the electromagnetic field known 
as Maxwell's equations, which mathematically represent the entire 
present knowledge of the principles of electromagnetic testing. 
Maxwell's remarkable achievement of integrating the available 
knowledge concerning electromagnetic circuits and fields provides 
the basis for analysis of all basic eddy current and electromagnetic 
induction problems and most of the modern electromagnetic theory. 

Scveral ideas for electromagnetic methods of detection emerged 
in the 1930s, but most of these relied on inductive measurements of 
the leakage field. This required either a high frequency magnetizing 
current, which limited the technology to near-surface discontinuity 
detection, or coils moving at constant velocity over the surface, 
which was too cumbersome for the technology of that time. 
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In 1946, the first practical system for the automatic, 
electromagnetic measurement of flux leakage fields was designed by 
Hastings. Hastings demonstrated that he could detect both surface 
and subsurface discontinuities near the bore surfaces of steel tubes. 
He also noted an empirical correlation between the amplitude of 
leakage signals and the depths of surface cracks. 


Friedrich Forster 

The first eddy current instrument was developed in 1926. In 
1950, Forster developed the first instruments with impedance-plane 
signal displays, which were used to discriminate between different 
parameters. The introduction by Forster of sophisticated, stable 
quantitative test equipment, and of practical techniques for analysis 
of quantitative test signals on the impedance-planc, were important 
factors contributing to the rapid development and acceptance of 
electromagnctic induction and eddy current tests from 1950 to 1965, 
Since 1965, electromagnetic testing and eddy current testing 
applications have developed and are in use daily in ncarly every 
technical industry. 


BASIC PRINCIPLES OF EDDY CURRENT TESTING 


Eddy current testing is a nondestructive testing method that is 
based on the principles of electromagnetic induction. 
Electromagnetic simply means that electricity and magnetism are 
used. Flow of electricity, under certain circumstances, can cause 
magnetism. Magnetism, under certain circumstances, causes the 
flow of electricity. When an alternating current (AC) is passed 
through a coil, a changing magnetic field is generated. As the coil is 
placed near a conductive test object, the magnetic field induces 
current (eddy currents) as illustrated in Figure 1.4. 


Figure 1.4: Basic eddy current test system. 


Indicating instrument 


Test coil 


Direction of coil’s field 
=——— Direction of eddy current's field 


Conductive 
material QD 


Eddy currents 
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The flow of eddy currents depends on the physical and electrical 
characteristics of the test object. As an eddy current flows in the test 
object, it causes a fluctuating magnetic field of its own. The 
magnetic field from the eddy currents is always in opposition to the 
coil’s magnetic field, as illustrated in Figure 1.4. Thus, when the test 
coil is placed on a conductive material, the strength of the coil’s 
magnetic field is lessened, This change in the magnetic field causes 
a change in the current flowing through the coil that. in turn, causes 
a change in the impedance of the coil. This change in impedance is 
detected by the readout display placed in the test circuit. 

Eddy current instruments measure and display these impedance 
coil changes and allow the technician to evaluate valuable 
information regarding the properties and condition of the test object. 

Eddy current testing, like other nondestructive test methods, 
involves the application of electromagnetic energy to evaluate the 
condition of test objects. The energy interacts with the material and 
the interaction process is analyzed to ascertain the condition of the 
material. In principle, electromagnetic methods cover a wide range 
of techniques, including eddy current testing and magnetic flux 
leakage testing. 

Although all electromagnetic methods are governed by 
Maxwell’s equations, the distinctive nature of each method stems 
from differences in excitation frequencies, the nature of sensors used 
and the signal analysis techniques for characterizing the state of the 
test object. For example, eddy current techniques use excitation 
frequencies from about 100 Hz to about 1 Hz, while magnetic flux 
leakage uses excitation frequencies near 0 Hz. 

As the excitation frequency increases from zero, the underlying 
physical process gradually changes. Below about 1 Hz. the magnetic 
field is said to be quasistatic, which means that the displacement 
current is negligible. As the frequency increases beyond quasistatic 
values, the energy propagates in the form of waves into the test 
material. Differences in the underlying processes associated with 
each frequency make it possible for electromagnetic techniques to 
test a wide range of materials. 


PRINCIPLES OF FLUX LEAKAGE TESTING 


Magnetic flux leakage testing is an electromagnetic technique 
that can provide a quick assessment of the integrity of ferromagnetic 
material. This technique involves magnetization of the test object by 
a permanent magnet or by passing a direct current directly through a 
coil, creating an electromagnet. The presence of a discontinuity on 
or near the surface of the sample disturbs the magnetic flux lines and 
results in a local leakage field around the discontinuity. 

The magnetic flux leakage field can be detected using a variety 
of techniques. In magnetic particle testing, the leakage field is 
indicated by dusting the surface of the test object with magnetic 
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particles. These particles can be either dry or wet. Forces exerted by 
the magnetic leakage field around a crack attracts the particles to 
line up along surface cracks. The magnetic flux leakage can also be 
detected using noncontact sensors, such as a Hall effect probe or a 
simple induction coil. 

A Hall effect probe using an element oriented parallel to the 
sample surface is sensitive to the normal component of the magnetic 
flux leakage field and generates a typical signal, as shown in 
Figure 1.5 for a rectangular notch. 


Figure 1.5: Typical leakage field signal. 


=a 
sa S 
fe] 
E? 
= 0 
m > 
v E 
ER 
S p 
—_— te 
ou 
> w 
35 
az 
202 
vi 


Scan position or time (relative scale) 


PERSONNEL QUALIFICATION 


It is imperative that personnel responsible for electromagnetic 
testing are trained and qualified with a technical understanding of 
the equipment and materials, the test object and the test procedures. 

The American Society for Nondestructive Testing (ASNT) has 
published guidelines for training and qualifying nondestructive 
testing personnel since 1966. These are known as Personnel 
Qualification and Certification in Nondestructive Testing: 
Recommended Practice No. SNT-TC-1A. The Recommended 
Practice No. SNT-TC-1A describes the knowledge and capabilities of 
nondestructive testing personnel in terms of certification levels. 

ASNT CP-189 was approved by the ASNT Board of Directors in 
1989 as a standard for the qualification and certification of 
nondestructive testing personnel. The intent was to produce a new 
document that provided strict requirements rather than simply 
guidelines. ASNT obtained ANSI accreditation to process this 
document through a consensus balloting process that would 
recognize ASNT CP-189 as a national standard. The first successful 
consensus document became ANSI/ASNT CP-189-199]. 
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ANSI/ASNT CP-189 is similar to SNT-TC-1A in terms of training, 
experience and examinations, Several significant differences were 
introduced to strengthen the NDT personnel qualification and 
certification program, which include the following. 


1. Employer certification requirements and ASNT NDT 

Level III certification in the method. 

2, Instructor for training must meet qualifications of the standard. 

a. ASNT Level III certificate. 

b. Bachelor of Science in engineering, physical science or 
technology with knowledge of nondestructive testing 
method. 

c. NDT Level IT with at least ten years of experience. 


Levels of Qualification 

There are three basic levels of qualification applied to 
nondestructive testing personnel and used by companies that follow 
Recommended Practice No. SNT-TC-1A and ASNT CP-189: Level I, 
Level II and Level III. 

An individual in the process of becoming qualified or certified to 
Level T is considered a trainee. A trainee docs not independently 
conduct tests, interpret, evaluate or report test results of any 
nondestructive testing method. Á trainee works under the direct 
guidance of certified individuals. 


Qualification for Level I 
Level I personnel are qualified to perform the following tasks: 


l. Perform specific calibrations and nondestructive tests in 

accordance with specific written instructions. 

Record test results. Normally, the Level I does not have the 

authority to sign off on the acceptance and completion of the 

nondestructive test unless specifically trained to do so with 

clearly written instructions. 

3. Perform nondestructive testing job activities in accordance 
with written instructions or direct supervision from Level IT 
or Level III personnel. 


w 


Qualification for Level H 
Level II personnel are qualified to perform the following tasks: 


em 


Set up and calibrate equipment. 

2. Interpret and evaluate results with respect to applicable codes, 
standards and specifications. 

3. Organize and report the results of nondestructive tests. 

4. Exercise assigned responsibility for on the job training and 
guidance of Level I and trainee personnel. 

5. Be thoroughly familiar with the scope and limitations of each 

method for which the individual is certified. 
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Qualification for Level HI 
A Level Ill is responsible for nondestructive testing operations to 
which assigned and for which certified. A Level III must also be 
generally familiar with appropriate nondestructive testing methods 
other than those for which specifically certified, as demonstrated by 
passing a Level IIT Basic examination. 
Level Ill personnel are qualified to perform the following tasks: 


1. Develop, qualify and approve procedures: establish and 
approve nondestructive testing methods and techniques to be 
used by Level I and Level II personnel. 

Interpret and evaluate test results in terms of applicable 

codes, standards, specifications and procedures. 

3. Assist in establishing acceptance criteria where none are 
available, based on à practical background in applicable 
materials, fabrication and product technology. 

4. Inthe methods for which certified, be responsible for, and 
capable of, training and examination of Level I and Level II 
personnel for certification in those methods. 


bo 


Challenges 

The major challenge facing nondestructive testing personnel is to 
learn all that can possibly be learned during the qualification 
processes. Another challenge involves developing the mindset that 
there is something else to learn each time the nondestructive testing 
method is used. There is no substitute for knowledge, and 
nondestructive testing personnel must be demanding of themselves. 

The work performed in the nondestructive testing field deserves 
the very best because of the direct effect of protecting life or 
endangering life. 


PERSONNEL CERTIFICATION 


It is important to understand the difference between two terms 
that are often confused within the field of nondestructive testing: 
qualification and certification, Qualification is a process that should 
take place before a person is certified. 

According to Recommended Practice No. SNT-TC-1A, the 
qualification process for any nondestructive testing method should 
involve the following. 


1. Training in the fundamental principles and applications of the 
method. 

2. Experience in the application of the method under the 
guidance of a certified individual (on the job training). 
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Demonstrated ability to pass written and practical (hands on) 
tests that prove a comprehensive understanding of the method 
and an ability to perform actual tests using the specific 
nondestructive testing method. 

4. The ability to pass a vision test for visual acuity and color 
perception or shades of gray, as needed for the method. 


The actual certification of a person in nondestructive testing to a 
Level T. Level II or Level IH is written testimony that the individual 
has been properly qualified. It should contain the name of the 
individual being certified, identification of the method and level of 
certification, the date and the name of the person issuing the 
certification. Certification is meant to document the actual 
qualification of the individual. 

Proper qualification and certification is extremely important 
because the process of testing performed by certified nondestructive 
testing personnel can have a direct impact on the health and safety 
of every person who will work on, in, or in proximity to the 
equipment or assemblies being tested. Poor work performed by 
unqualified personnel can cost lives. 

Modern fabrication and manufacturing projects challenge the 
strength and endurance of the materials of construction. Preventive 
maintenance activities also present a challenge to nondestructive 
testing personnel. 

The industrics that depend on nondestructive testing cannot 
tolerate nondestructive testing personnel who are not adequately 
qualificd and dedicated to good performance. Too much depends on 
the judgments of nondestructive testing personnel made in the work 
performed every day. 
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Chapter 2 


Eddy Current Theory 


GENERATION OF EDDY CURRENTS 


The principles of eddy current testing depend on the process of 
electromagnetic induction. This process includes a test coil through 
which varying or alternating current is passed. A varying current 
flowing in a test coil produces a varying electromagnetic field 
around the coil. This field is known as the primary field. 

Figure 2.1 presents a schematic view of an excited test coil. The 
electromagnetic field produced around the unloaded test coil can be 
described as decreasing in intensity with distance from the coil and 
also varying across the coil’s cross-section. The electromagnetic 
field is most intense near the coil's surface. 


Figure 2.1: Electromagnetic field produced by alternating 
current. 


Generator 


The field produced around this coil is directly proportional to the 
magnitude of applicd current. rate of change of current or frequency 
and the coil parameters. Coil parameters include inductance, 
diameter, length, thickness, number of turns of wire and core 
material, 

Electrical current is defined as the movement of electrons 
through a conductor. The unit of current is the ampere. Its 
quantitative value is established as the flow of 6.25 x 1018 electrons 
per second past a given point in the circuit. 

Electrons are negatively charged particles that are part of the 
basic building blocks of any material (the atom). A conductor is any 


material that is capable of carrying electrical current. Some materials 
are conductors, others are not. Whether a material can conduct 
electricity or not depends on the structure of the individual atoms in 
the material. 


ELECTROMOTIVE FORCE 


Faraday's major contribution was the discovery of 
electromagnetic induction. His work can be summarized by the 
example shown in Figure 2.2, Coil A is connected to a battery 
through a switch S. A second coil B connected to a galvanometer G 
is nearby. When switch $ is closed producing a current in coil A in 
the direction shown, a momentary current is induced in coil B ina 
direction (==> a) opposite to that in A. If S is now opened, a 
momentary current will appear in coil B having the direction of 
(<< b). In each case, current flows in coil B only while the current 
in coil A is changing. J = current flowing in coil. 


Figure 2.2: Induced current. 


Electromagnetic force is the electrical energy derived from 
mechanical, chemical or other form of energy that must be applied 
across the material to force the electrons to move. The unit of 
measurement of the Electromagnetic force is called the volt. 

Some materials, due to their molecular structure, require more 
energy than others to cause electrons to move. These are said to 
have more resistance to the flow of electrical current. The amount of 
resistance in a material is the factor that limits the amount of current 
that flows through the material for a given applied electromotive 
force. 

The electromagnetic force (voltage) induced in coil B of 
Figure 2.2 can be expressed as follows: 


Ea. 2a 1 PL 
KAt 


where E is average induced voltage, N is number of turns of wire in 


coil B, AD / Ar is rate of change of magnetic lines of force affecting 
coil B, and K is 108, 
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RESISTANCE 


In an alternating current circuit containing only resistance, the 
resistance simply limits the amount of current that flows through the 
circuit. It does not change the phase relationship between the voltage 
and the current. The current is exactly in phasc with the voltage. 
Resistance is present in all circuits. The total resistance in a circuit 
includes the resistance of the wiring as well as the resistance of the 
coil. 

The unit of resistance is called the ohm. Its value is defined as the 
resistance through which an electromotive force of 1 V will produce 
a current of 1 amp. In a direct current (DC) circuit, the voltage, 
current and resistance are related to each other through the 
mathematical expression known as Ohm's law. 


Eq.22 E-IXR o aX 


R 


where E is voltage (volt). 7 is current (ampere) and R is resistance 
(ohm). 


Example Problem: What is the value of the current flowing in a 
5 ohm resistor connected across a 10 V battery? 


Solution: E- 7x R 

Given: E = 10 V and R= 5 ohm 
1üzIx5 

1210/5z2 amp 


The resistance of a coil is determined by the length of wire used 
to wind the coil, The specific resistance is determined by the wire 
type and the cross-sectional area of the wire. 


f Specific resistance e Length 
Eq.2.3 Resistance = RR HS 
Area 
where resistance is in ohms, specific resistance is in ohms/circular 
mil-foot, area is in circular mils, and length is in feet. 


Example Problem: The resistance of a 10 ft length of 40 gage wire 
(area of 40 gage wire = 9.888 circular mils) with a specific 
resistance of 10.4 circular mil-foot at 20° C would be found as 
follows: 


10.4 «10 
Eq.2.4 R= ee M 10.518 ohm 
9.888 
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Alternating Current 

When a coil of wire is placed in the open end of a magnet 
between the north and south poles and given a spin, electricity is 
induced in the coil. The current produced does not travel in the same 
direction through the coil at all times, nor is it of a constant value. 
Instead the current starts out at zero, rises to a maximum value, 
decreases to zero, rises to a maximum value in the opposite direction 
and then returns to zero. This cycle repeats itself as long as the coil 
keeps spinning. Note that one revolution of the coil produces one 
cycle of current (Figure 2.3). 


Figure 2.3: Induction by movement of a coil through a 
magnetic field. 
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Sine Wave 

A sine wave is the form commonly produced by alternating 
current generators. Since one turn (360° rotation) of the generator 
coil produces one cycle of the sine wave, the sine wave can be 
marked into corresponding degrees of rotation, as shown below in 
Figure 2.4. This method of designating positions on the sine wave 
serves as an excellent way of showing the timing between specific 
occurrences. 


Figure 2.4: Generator coil position versus current produced. 
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Frequency 

The frequency of an alternating current is defined as the number 
of cycles of current that occur in one second. One complete cycle is 
shown in Figure 2.4. lts unit is the hertz, 1 Hz being one cycle per 
second. Current at 60 cycles per second has a frequency of 60 Hz. 


Self Inductance 

When working with the induction of current in a secondary coil, 
Henry went even further than Faraday in that he discovered that the 
changing magnetic field also induced a current in the primary coil 
that opposed the original current. This opposing current was the 
result of the magnetic field cutting across windings in the primary 
coil. The magnetic field created by each turn of wire in the coil 
affected all of the other turns in the same coil. This is known as the 
principle of self induction. 

Figure 2.5 shows an alternating current source connected to a 
coil. A voltmeter is provided to measure the voltage applicd to the 
coil, and an ammeter is provided to measure the current through the 
coil. If the instantancous values of voltage and current are plotted on 
a graph, the current is found to lag behind the voltage in time as 
shown in the lower portion of the figure. The angle between the two 
curves is called the phase angle or phase lag. 


Figure 2.5: Alternating current voltage and current pilot. 
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INDUCTIVE REACTANCE 


The opposition to changes in alternating current flow through a 
coil is called inductive reactance and is designated by the letters Xy . 

The inductive reactance of any coil is also a function of the 
frequency of the alternating current. Since the higher frequencies 
cause the magnetic field to change more rapidly, the inductive 
reactance increases as the frequency increases (assuming a constant 
alternating current voltage). The increase in the inductive reactance 
due to the increase in frequency causes the current through the coil 
to be reduced, thereby reducing the strength of the magnetic field of 
the coil and is explained in Eq. 2.5. 


Eq.2.5 X,=2afL or X,-WL 


where X, is inductive reactance (ohm), fis frequency (hertz), L is 
inductance (henries) and W equals 2zf. 


Tt has been determined that in an alternating current circuit 
containing only inductive reactance (no resistance) that the current 
will lag behind the voltage by exactly 90°. 


Example Problem: What is the inductive reactance of a coil with an 
inductance of 5 micro-henries at 60 kHz? 


Solution:X, = 2fL or X; = WL 
L = 5 micro-henries 


f= 60 kHz 

X, = (2 x 3.14) x (60 x 1000) x (5 x 1/1000 000) ohm 
X; = 1.884 ohm 

W =2nf 


IMPEDANCE 


Tn an alternating current circuit, impedance (symbolized by the 
letter Z) is the name given to the combination of resistance, capacitive 
reactance and inductive reactance. For most testing applications, the 
capacitive reactance can be dropped from the equation since most 
eddy current probes have little or no capacitive reactance. Impedance 
in an alternating current circuit is the total opposition to the current 
flow through the circuit. The impedance unit is the ohm. 

Since the resistance and the inductive reactance cause results that 
occur 90° out of phase with each other, they cannot be simply added 
together to determine the impedance, The simplest way to combine 
the resistance and the inductive reactance values to obtain the 
impedance value is through a vector diagram. 

A vector is a line whose length represents its value and the 
direction represents its phase relationship. Figure 2,6 shows 
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resistance and inductive reactance vectors 90° apart in direction. By 
adding these two vectors together, a rectangle can be constructed 
and the diagonal from corner to corner represents the impedance (Z) 
and phase angle, as shown in Figure 2.6b. 


Figure 2.6: (a) Voltage-plane diagram; and (b) impedance- 
plane diagram. 
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A Greek philosopher named Pythagoras developed what is known 
today as the pythagorean theorem, which states that in a right angle 
triangle the square of the hypotenuse is equal to the sum of the 
squares of the other two sides. Using Figure 2.6b, it is determined 
that: 


Eq.2.6 Z =R +X? or, 


Z= (E x) 


The concept that must be understood is what is meant by phase 
angle. Refer back to Figure 2.6. The phase angle between the resistance 
vector and the inductive reactance vector has been 90°. The Greek letter 
alpha (A) is used to denote the phase angle of the impedance vector. 


Phase angle (A) = arctan X¿/R 


Example Problem: An eddy current test is carried out at a test 
frequency of 60 kHz. The coil resistance is 10 ohm and its 
inductance is 5 micro-henries. Calculate the following: 


1. The inductive reactance of the test coil. 

2. The impedance of the test coil. 

3. The phase angle between the total impedance vector and the 
resistance vector. 


Solution 1: X, = 2 xL 

X; = 2x x (60 x 1000) x (5 x 1)/1 000 000 ohm 
X, = 6.28 x (60 x 5)/1000 ohm 

Xj = 1.884 ohm 
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Solution 2: 7 = (R + En 


Z=\(10x10)+(1.884 x 1.884) ohm 


Z 24103.5 ohm 
Z = approximately 10 ohm 


Solution 3: Phase angle (A) = arctan (X¿/R) 
Phase angle (A) 2 arctan (1.884/10) 
Phase angle (A) 2 10.5? 


Arctan 
Tangent is defined as the ratio of the opposite side of a right 
angle triangle to the adjacent side. This is called the tangent of 0. 


tan 0- length of opposite side/length of adjacent side. 
The angle whose tangent is known is written tan”! or arctan. 


Resistance 

With all other factors held constant, changes in resistance will 
affect the impedance of the circuit. As the resistance increases, the 
impedance increases and the phase angle decreases. 


Inductive Reactance 

With all other factors held constant, changes in inductive 
reactance will affect the impedance of the circuit. As the inductive 
reactance increases, the phase angle and the impedance increases. 
This is illustrated in Figure 2.7. 


Figure 2.7: Current vector diagrams. 
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Chapter 3 
Eddy Current Instrumentation 


INTRODUCTION 


This chapter presents a general description of the principle types 
of test circuits that are applicable to eddy current testing, a general 
description of the types and arrangements of the coils used, and a 
general description of the types of indicating instruments (readout 
apparatus) that might be encountered. 


EDDY CURRENT INSTRUMENT CIRCUITS 


There are many different types of eddy current instruments on the 
market today, They are similar in principle, but vary in function and 
accessories, All eddy current instruments have some method of 
detecting the impedance or change of impedance in the test coil. It is 
the electronic circuitry that is the greatest variation between 
instruments, 

A basic test circuit consists of an alternating current source 
supplying power to the testing coil. A voltmeter is connected across 
the testing coil to measure the voltage across the coil. When the coil 
is placed on or near a test sample, the impedance of the coil 
changes. This change in impedance is reflected by the change in the 
reading of the meter (Figure 3.1). 


Figure 3.1: Basic test circuit. 
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Impedance Bridge Circuit (Wheatstone Bridge) 

The alternating current source supplies power across the bridge 
that consists of two balanced resistors (R, and R3), the testing coil, a 
balancing coil and an ammeter. These units are connected in a bridge 
format: the resistor and the testing coil in one leg of the bridge, a 
resistor and a balancing coil in the other leg and the ammeter across 
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the two legs. When the bridge is in balance (the impedance on both 
sides of the bridge are equal), the meter will read O amps. When the 
testing coil is placed on or near a test sample, there is a change in 
impedance in that leg of the bridge. The bridge becomes unbalanced 
and the ammeter will indicate a current that is proportional to the 
imbalance (Figure 3.2). A differential amplifier can replace the 
bridge circuit. 


Figure 3.2: Basic bridge circuit. 
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Another bridge circuit consists of two identical coils, one in each 
leg of the bridge (if the coils are identical, the bridge will be in 
balance). One of the coils is called a resting coil and the other is 
called a reference coil. If the reference coil is placed on one sample 
of the material and the testing coil is placed on another sample of 
the material, the meter will show an imbalance only if there is some 
difference in the two samples (Figure 3.3). 


| Figure 3.3: Bridge utilizing an inspection coil and a reference standard. 
Inspection 
coil 
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INTERNAL FUNCTIONS OF 
EDDY CURRENT INSTRUMENTATION 


For an eddy system to provide information to a technician, five 
functional steps have to be performed, as shown in Figure 3.4. 


Signal excitation. 
Signal modulation. 
Signal preparation. 
Signal demodulation. 
Signal display. 


SO por ps 


Figure 3.4: Internal functions of eddy current test instrument. 
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Signal Excitation 

The excitation portion of an eddy current instrument consists of a 
signal generator and amplifiers to drive the test coils. The signal 
generator (or oscillator) provides sine wave excitation for the test 
coil. Single frequency systems have one fixed frequency, whereas 
multi-frequency systems can apply several frequencies to provide 
multiple parameter options. The application determines the required 
frequency and the number of frequencies to be used. 


Signal Modulation 

Signal modulation occurs in the electromagnetic field of the coils 
assembly. It is the magnetic field created by the primary coil that 
provides the energy transfer into the test object. This magnetic 
energy is modulated by the test object, and the resultant magnetic 
field from the eddy currents opposes the primary field and is sensed 
by the instrument for processing. 
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Signal Preparation 

After modulation, the signal is processed for demodulation and 
analysis. The purpose of this step is to amplify the probe signal and 
reject extraneous noise. This part of the instrument may consist of a 
single-ended amplifier in an absolute or simple driver pickup 
system, or differential amplifiers for a differential bridge or a more 
sophisticated system of driver and pickup. The bandpass filter is 
selected to detect discontinuities at the inspection speed and could 
be called a speed filter. 


Signal Demodulation and Analysis 

Tn this step and after the signal has been demodulated, the signal 
can be analyzed by many means. The signal may be directed to an 
analog meter or bar graph for display or it may be digitized for 
further manipulation and analysis. 


Signal Display 

The signal display section is the key link between the test 
equipment and its intended purpose. The signal can be displayed 
many different ways. Common displays include meters, cathode ray 
tubes (CRTs), liquid crystal display (LCD) or computer screens. 


SIGNAL-TO-NOISE RATIO 


Signal-to-noise ratio is the ratio of signals of interest to unwanted 
signals, Common noise sources are test object variations of surface 
roughness, geometry and homogeneity. Other electrical noises can 
be caused by external sources, such as welding machines, electric 
motors and generators. Mechanical vibrations can increase test 
system noise by physical movement of the test coil or test object. In 
other words, anything that interferes with a test system’s ability to 
define a measurement is considered noise. 


Improving Signal-to-Noise Ratio 

Signal-to-noise ratios can be improved by several methods. If a test 
object is dirty or scaly, the signal-to-noise ratio can be improved by 
cleaning the test object via shot blasting, pickling in acid, wire brushing 
or light abrasive belts. Electrical interference can be shiclded or isolated. 
Phase discrimination and filtering can improve the signal-to-noise ratio. 

It is common practice in nondestructive testing to require a 
minimum signal-to-noise ratio of 3:1. This means that a signal of 
interest must have a response at least three times that of the noise at 
that point. 

The absolute noise level and the absolute strength of a signal 
from a discontinuity depends on several factors, such as the search 
coil type and size, the frequency, the inspection path and distance, 
object surface condition and microstructure, in addition to the 
discontinuity size, location and orientation. 
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Readout Mechanisms 


INTRODUCTION 


An important part of the eddy current test system is the part of 
the instrument that quantifies the change in impedance. There are 
several different types of devices used. The device may be an 
integral part of the test set; it may be a module that is plugged into 
the test set; or it may be a separate unit connected to the test set with 
a cable. The indicating device used should be of adequate speed, 
accuracy and range to meet the requirements of the test system. Test 
records may require storage on large inservice components so that 
corrosion or discontinuity rates of change can be monitored and 
projected. 

The displays of analog instruments are relatively simple, enabling 
the user to view and perform simple manipulations of raw data. 
Generally, controls for phase, gain, alarm levels and some filtering 
are available. Analog recording of data via magnetic tape and strip 
chart recorders was common in the 20th century, but has largely 
been replaced by digital data storage. Analog instruments are used in 
a few niche applications. 


ANALOG METERS 


An analog meter is an indicating device whose visual output 
varies as a continuous function of the input to the meter. A meter has 
a needle that moves in response to the input. The response is 
immediate, and scales can usually be calibrated to read specific 
values directly. 


Audio Alarms 

Audio alarms only indicate an abnormal condition. Alarm lights 
and audio alarms are commonly incorporated in eddy current test 
equipment, The indicator light and audio alarm give only qualitative 
information about the item, whether a condition is present or not. 


Strip-Chart Recorders 

Strip-chart recorders provide an analog recording of values at 
reasonably high speeds. The strip-chart recorder is one method that 
produces a permanent, fairly accurate record. Several channels can 
be recorded at the same time. Strip chart recordings are common in 
testing tubing where the discontinuity's location down the tube is 
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critical. The strip chart length is indexed to time or distance and 
indicates normal or abnormal conditions. Although useful, strip 
charts can quickly accumulate and create storage problems. 
Computer memory is replacing strip charts. 


DIGITAL DISPLAYS 


A digital meter is one whose visual output is shown in discrete 
steps in time. The meter measures the input at a given moment, and 
the value of the measurement is displayed in numerical form. Since 
the readout is in numbers, the chance of technician error is less than 
when analog meters are used, but the output is relatively slow. 
Digital meters provide greater accuracy and range than analog 
meters. 


Cathode Ray Tubes 

Cathode ray tubes (CRTs) can be used to display the output of a 
test circuit. They give instantaneous, continuous presentation; are 
highly accurate; provide calibration capabilities so that values may 
be read directly; have a broad range; and presentation is adjustable 
and stored so that parameters of particular interest may be studied 
more closely. 


Digital Data Storage 

Digital data are generally displayed in a complex plane 
presentation with supporting strip chart and C-scan displays, as 
required by the application. The point described by the in-phase and 
out-of-phase components of the signal is displayed as a flying dot, 
and the digital capabilities of the instrument allow variable 
persistence, centering of the dot, rotation of the signal and scaling of 
the display. Digital systems allow setup of calibration curves 
constructed from stored data and automated analysis of signals as 
compared to these curves. 

Digital conductivity meters, calibrated from conductivity 
reference standards, feed subsequently acquired data into algorithms 
that calculate conductivity and then display in a numerical format. 


Digital Mixing 

The combination of components from different test frequencies 
allows the suppression of unwanted parameters or signals from 
structures, such as support plates in tubing applications, while 
retaining the signature of discontinuities beneath those structures. 

Alarms can be constructed digitally in any way, for example as 
amplitude levels, boxes or ellipses, for rejection or acceptance of test 
objects. Alarms from various frequencies or coils can be tagged to 
allow discrimination of different test object conditions. 
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Liquid Crystal Display 

A liquid crystal display (LCD) is a thin, flat display device made 
up of any number of color or monochrome pixels arrayed in front of 
a light source or reflector. It uses very small amounts of electric 
power, and is suitable for battery-powered electronic devices. 

Important factors to consider when evaluating a LCD monitor 
include resolution, viewable size, response time, matrix type, 
viewing angle, color support luminosity, contrast ratio and input 
ports (for example, DVI or VGA). A computer screen is a typical 
LCD that is widely used in state of the art eddy current instruments. 
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Chapter 5 


Eddy Current Sensing Elements 


INTRODUCTION 


Inspection coils are available in a variety of forms and can be 
arranged in a variety of ways. The choice of the arrangement of the 
inspection coil depends on the test situation. There are three types of 
inspection coils related to their physical structure, arrangement and 
testing they perform. 


1. Surface coil (probe). 
2. Encircling coil (through). 
3. Bobbin coil (internal). 


Surface Coil 

Surface coil, probe coil, flat coil or pancake coil are all common 
terms used to describe the same type of test coil. Probe coils provide 
a convenient method of examining the surface of a test object. 

Figure 5.1 is an illustration of a typical surface probe. View A 
shows the coil mounted in a probe, while view B shows the coil 
mounted in a spring loaded housing. The spring loading ensures that 
a constant pressure is applied at all times to prevent separation (lift- 
oft) of the coil from the surface of the test object. The surface probe 
may be hand-held or may be mounted in automated scanning 
equipment. The coil, mounted in the end of the probe, is provided 
with a protective coating of epoxy to serve as a wear surface. The 
magnetic field produced by the coil is approximately the size of the 
coil. 

Probe coils and probe coil forms can be shaped to fit particular 
geometries to solve complex testing problems. As an example, probe 
coils fabricated in a pencil shape (pencil probe) are typically used to 
test threaded areas of mounting studs and nuts or serrated areas of 
turbine Wheels and turbine blade assemblies. Probe coils with added 
coil shielding may be used where high resolution is required. 

A variation of the surface probe is shown in Figure 5.2, The coil 
is mounted in a holder shaped and sized to serve that special 
function. Holders may be designed to serve any particular 
requirement (such as the round surface of a tube or bar), or position 
the coil at a particular place (such as the leading edge of a turbine 
blades). Spring loading ensures that constant pressure can be 
obtained and prevents separation. 
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Figure 5.1: Surface probes. 
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Figure 5.2: Hole probe. 
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Applications 

When using a high-resolution probe coil, the test object surface 
must be carefully scanned to ensure complete test coverage. This 
careful scanning is very time consuming. For this rcason, probe coil 
tests of large objects are usually limited to critical areas. Probe coils 
arc used extensively in aircraft testing for crack detection near 
fasteners and fastener holes. In the casc of testing fastener holes 
(bolt holes, rivet holes) and critical areas of heat exchanger tubes, 
the probe coil is spinning while being withdrawn at a uniform rate. 
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This provides a helical scan of the hole using what is referred to as a 
spinning probe technique. 


Encircling Coil 

Encircling coil, outer diameter coil and feed-through coil are 
terms commonly used to describe coils that are used primarily to test 
outside diameter surfaces of objects that pass through the coil. 
Although the coil is the same in encircling and inside diameter 
probes, the field distribution is somewhat different. The flux density 
eradient tends to be more uniform inside the coil and decreases to 
zero at the center of the tested material. 

The width of the coil (Figure 5.3) is a function of the application. 
Wide coils cover large areas, so they respond mostly to bulk effects, 
e.g., conductivity; whereas, narrow coils sense small areas and so 
are more responsive to small changes produced by discontinuities or 
small thickness changes. The magnetic field of the coil extends 
slightly beyond the ends of the coil. 


Figure 5.3: (a) Wide encircling coil; and (b) narrow encircling 
coil. 


pp a 


Figure 5.4 shows the eddy currents produced in a test rod by an 
encircling coil. Since the primary magnetic field intensity in the coil 
is normally considered to be constant across the diameter of the coil, 
it might seem reasonable to expect that the density of the eddy 
currents induced would also be constant across the rod. This is not 
true, 


Figure 5.4: Eddy currents produced by an encircling coil. 
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The eddy current's strength is greater near the surface and 
decreases toward the center of the rod. If the diameter of the rod is 
large enough, there is no current at the center. The phenomenon is 
known as the center effect and is the result of the opposition of the 
eddy current field. The eddy current magnetic field at the surface 
opposes the primary field and reduces it. This reduced field is again 
reduced by eddy currents just below the surface. Ultimately the 
strength of the primary field is reduced to zero, and no additional 
eddy currents are induced. Note that the eddy currents flow in the 
same plane as the currents flow in the coil; i.e., around the 
circumference of the rod. Thus the encircling coil is especially 
adapted to locating discontinuities that are parallel or longitudinal to 
the length of the rod. 


Applications 
Encircling coils are primarily used to test tubular and bar-shaped 
products, The tube or bar is fed through the coil (feed-through) at 
relatively high speed. The cross-section of the test object within the 
test coil is simultaneously interrogated. For this reason, 
circumferential orientation of discontinuities cannot be detected with 
this application. 


Internal Coil 

Bobbin coil, inner diameter coil and inside probe are terms that 
describe coils used to test from the inside diameter or bore of a 
tubular test object. 

Figure 5.5 illustrates a type of coil that can be inserted into 
tubing to test for discontinuities and thickness changes in the tube. 
The internal coil induces currents that encircle the entire 
circumference of the tube so that the entire section surrounding the 
coil is tested. 

Because the currents induced in the material are strongest near 
the coil, the internal coil is more sensitive to discontinuities lying on 
or near the inner surface of tubing, while external coils are more 
sensitive to discontinuities lying on or near the outer surface. The 
internal coil may be either wide or narrow, and the magnetic field 
extends slightly beyond the ends of the coil. The coil may be 
shielded or unshielded. 


Figure 5.5: Internal coil. 
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Applications 
Internal coils are primary used to test tubular products from the 
inside diameter or the bore of a tubular test object: for example, 
tubes examined in heat exchanger applications. 


Test COIL ARRANGEMENTS 


There are three basic coil arrangement that can be applied in 
surface, internal and encircling coils. 


1. Absolute coil arrangement. 
2. Differential coil arrangement. 
3. Hybrid coil arrangement (through transmission). 


Single Coil (Absolute Arrangement) 

Figure 5.6 illustrates the single coil arrangement. In this 
arrangement, the same coil is used to induce eddy currents in the test 
object and to sense the test object’s reaction to the eddy currents. 

The single coil will test only the area under the coil and does not 
direct reference or compare itself to a reference standard. Because it 
tests the object without a comparison, it is called absolute. 


Figure 5.6: Single coil — absolute arrangement. 


WANE 
a 


Indication 


Double Coil (Absolute Arrangement) 

Figure 5.7 illustrates the double coil absolute arrangement. In this 
it is possible to use two coils; one to establish the magnetic field and 
induce eddy currents into the test object, and another to detect 
changes in eddy current flow, Note that the secondary coil has the 
indicating device connected across the coil and it is not connected to 
an alternating current source. Normally the secondary coil is located 
inside the primary coil, and the two coils are referred to as double 
coil. 

This double coil arrangement may appear in all three of the coil 
classes: surface, inside and encircling. 
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Figure 5.7: Double coil - absolute arrangement. 
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Differential Coil (Self-Comparison Technique) 

The differential coil arrangement shown in Figure 5.8 illustrates a 
means of balancing out effects that are the same. The two coils are 
wound and electrically connected so that the output of one coil 
cancels the output of the other coil (oppose each other). This occurs 
when the test object properties are the same under both coils. In 
other words, so long as there is no difference in material properties 
under coils, there is no indication on the indicating device; but when 
a discontinuity or inhomogeneity is located under either one of the 
coils, an imbalance occurs which is indicated on the indicating 
device. This differential coil arrangement is known as the self- 
comparison technique. 

The self-comparison technique is insensitive to test object 
variables that occur gradually, Variables such as gradually changing 
wall thickness, diameter, temperature or conductivity that affect both 
coils are not detected with the self-comparison differential coil. 


Figure 5.8: Double coil — differential arrangement. 
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Differential Coil (External Comparison Technique) 

The coil arrangement illustrated in Figure 5.9 is exactly the same 
as the self-comparison, except that the differential coil arrangement 
is set up on an external reference standard and the test object. A 
carefully chosen, discontinuity-free test reference object is held 
stationary in one coil while the test object moves through the other 
coil. 

Here coil C, and the discontinuity-free test reference standard or 
object are set up as a reference standard. As the test object passes 
through coil C}, a comparison is made with the reference standard. 
No indication is observed unless a discontinuity or other change 
such as thickness, permeability or conductivity appears in the test 
object. If a discontinuity passes through coil C}, the output of the 
coils become unbalanced and an indication is obtained. 

This differential coil arrangement technique is used to detect 
differences between a calibration standard and test object. It is 
mostly used to compare conductivity, permeability and dimensional 
measurements. The problem with this method is the large number of 
calibration standards required and the tolerances that exist in 
diameter and metallurgical composition. 


| Figure 5.9: Differential arrangement - external comparison technique. 
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Hybrid Coil Arrangements (Through Transmission) 
Hybrid coils may or may not be the same size and are not 

necessarily adjacent to each other. Common types of the hybrid coil 
are driver/pickup, through transmission or primary/secondary coil 
assemblies. The through transmission technique involves inducing 
eddy currents into the test object by a transmitting coil placed on 
one side of the material, and the presence of eddy currents is sensed 
by a receiving coil placed on the opposite side of the material, as 
shown in Figure 5.10. This arrangement requires that the two coils 
be placed exactly opposite each other. The voltage developed in the 
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sensing coil is a function of the current magnitude and frequency 
applied to the excitation coil, coil parameters of the exciting and 
sensing coils, and the test object characteristics. Only thin materials 
may be tested with through transmission coils. 


Figure 5.10: Through transmission arrangement. 
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FACTORS AFFECTING CHOICE OF SENSING ELEMENTS 


Scveral critical factors and specifications must be carefully 
considered when selecting eddy current sensing elements. 


Frequency 
The frequency determines eddy current depth of penetration and 
the amplitude and phase of a discontinuity response. 


Excitation 

The amplitude of the excitation signal determines the amplitude 
of the response. It should be well controlled and its frequency 
response should be specified. 


Gain Linearity 

The amplitude and phase characteristics of gain stages must be 
qualified for adherence to a standard or specification appropriate to 
the application. 


Horizontal and Vertical Deviation 

Gain of the in-phase and out-of-phase components of a signal 
must be controlled to prevent unwanted distortion of a signal. In a 
typical heat exchanger test, a flattened appearance would cause 
misrepresentation of the data whereas, in the rotating test of a rivet 
hole for surface breaking cracks, it can be used to minimize lift-off 
noise and accentuate a crack signal. 
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Quadrature Accuracy 

The phase of reference signals must be well controlled and the 
response of the display must be designed to ensure that the in-phase 
and out-of-phase components are truly at 90° electrically and they 
are displayed orthogonally. 


Digitization Rate 

The digitization rate for a digital system is the number of samples 
per unit of probe travel. This rate is critical for determining the 
response to a discontinuity. Digitization rate must be determined 
from the application criteria. 


Sample Rate 

The sample rate for a digital system is the number of 
interrogations per unit time, often given as samples per second. To 
calculate the required sample rate for a test, the probe speed is 
multiplied by the desired digitization rate. 


Bandwidth 

Bandwidth governs the response of the system as a function of 
frequency and is measured in hertz. A variable frequency, external 
modulator is often used to measure and characterize bandwidth 
through all stages of an instrument. 
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Flux Leakage Theory 


INTRODUCTION 


Magnetism is a property possessed by certain materials by which 
these materials can exert a mechanical force on other like material. 
Magnetic flux leakage testing is an electromagnetic technique that can 
provide a quick assessment of the integrity of ferromagnetic material. 
This technique involves magnetization of the test object by a 
permanent magnet or by passing an excitation current directly through 
an clectromagnet. The presence of a discontinuity or thickness change 
on or near the surface of the material disturbs the magnetic flux lines 
and results in a local leakage field around the discontinuity. 

The magnetic flux leakage can be detected using noncontact 
sensors, such as a Hall effect probe or a simple induction coil. A 
Hall effect probe using an element oriented parallel to the sample 
surface is sensitive to the normal component of the magnetic flux 
leakage field and generates a typical signal, as shown in Figure 1.5 
in Chapter | for a rectangular notch. 

A leakage field at an air gap in a longitudinally magnetized test 
object is shown in Figures 6.1 and 6.2. This disruption is produced 
by the alignment of magnetic domains in the stretched metal crack 
site. For this reason, cracks in the formation state are highly 
detectable and normally produce sharp, well-defined indications. 
Open cracks that have been subject to large thermal, chemical or 
mechanical forces may have had their magnetic field disruption 
characteristics greatly or entirely reduced and may not be detectable 
using magnetic particle testing. 

For high detectability of forming surface cracks, magnetic particle 
testing uses induced alternating field magnetization techniques as the 
primary method to test ferromagnetic objects in service. Using wet 
alternating current fluorescent techniques will generally produce the 
highest sensitivity obtainable with this technology. 


Figure 6.1: Leakage field at an air gap in a longitudinally 
magnetized test object. 
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Figure 6.2: Magnetic particles attracted by a leakage field from 
a subsurface discontinuity. 
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B AND H CURVE 


To understand the operation of magnetic flux leakage, it is useful 
to consider the physics of permanent magnets. A permanent magnet 
can be considered an agglomeration of domains. These domains are 
elementary magnets obtained as a result of the dipole moments of 
uncompensated electron spins contained within the domain that are 
held parallel. In the demagnetized state, the domains oricnt 
themselves randomly (Figure 6.3a) so that closed paths for the 
magnetic flux exist in the material. The magnetostatic energy under 
the condition is a minimum. This state is indicated by point 0 on the 
hysteresis loop (Figure 6.4), 

When an external magnetic field is applied, the domains tend to 
align with the direction of the applied field, thereby increasing B. 
The operating point now moves into region OA in Figure 6.4, The 
size and orientation of the domains are affected by the potential 
energy arising out of the interaction between neighboring atoms. 
associated with the anisotropy energy and associated with external 
field energy. 

As the external magnetic field is increased, the operating point 
moves into region AB of Figure 6.4. The domain walls start shifting 
and ultimately reach a state when each crystal represents a single 
domain. Further increases in the magnetic field intensity results in 
magnetic saturation, a state in which the domains rotate against the 
forces of anisotropy until all the domains get aligned in the direction 
of the applied field (Figure 6.3b). This state is represented by the 
region BC on the curve of B versus H (Figure 6.4). 

Tf the applied magnetic field is then withdrawn, the domains 
relax. As a result, the parallel alignment of the domains is disturbed 
(Figure 6.3c). The residual flux B represents a new minimum energy 
at point D where magnetization H equals 0. 

If a gap is then introduced as shown in (Figure 6.3d), the material 
self-demagnetizes. The imbalance created by the gap results in a 
realignment of the domains closest to the gap. 

These domains take up orientations that are 180? from the 
original orientation. The mechanical energy injected into the system 
to introduce the gaps is used to transfer the operating point from D 
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Figure 6.3: Physics of permanent magnets: (a) random orientation of domains in 
unmagnetized state; (b) domains aligned in direction of applied field; (c) relaxation of 
parallel alignment of domains when magnetic field is removed; (d) self-demagnetization of 
material after magnetic field is removed; and (e) reversion of domains to random 
orientation when gap is removed. See Figure 6.4 for characteristic curve. 
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Figure 6.4: Typical characteristic curve of magnetic flux 
density B versus magnetic field intensity H. 
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to E. If the air gap is then reduced to zero, as shown in Figure 6.3e, 
the operating point moves along the minor or recoil loop to F and 
the domains revert back very nearly to the same orientation as 
before. If the gap is once again restored, the operating point then 
moves toward E along the recoil loop FGE. Repeated cycles of 
opening and closing the gap cause the minor recoil loop to be traced. 


LINES OF FORCE 


If a bar magnet is covered with a sheet of paper and iron filings 
are scattered over the paper, the filings align themselves along 
definite lines that pass from the poles of the magnet, as shown in 
Figure 6.5. 

The alignment of the iron particles indicates that these lines form 
a field around the magnet, and any magnetizable material that enters 
this field is attracted to the magnet. For this reason the lines are 
called lines of force. 


Figure 6.5: Magnetic field surrounding a bar magnet. 


LAW Or MAGNETISM 


When like poles of magnets are brought together they repel each 
other, but when unlike poles are brought together, the magnets 
attract each other. Since the lines of force around a magnet seem to 
flow from the north to the south pole, they are often called flux lines. 
Flux is defined as a flow or flowing. 
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FLUX DENSITY 


The flux lines that surround a magnet are close together near a 
bar magnet. Figure 6.6 shows where the magnetic force is strongest. 
When spread further apart away from the magnet, the magnetic field 
grows weaker. Thus the density of the flux in a particular area 
determines the strength of the field in that area. 

The flux density can be determined by measuring the strength of 
the field in that area. Flux density is defined as the number of lines 
of force that pass through a given area at right angles to the lines of 
force. The unit is the gauss. One gauss is one line of force passing 
through an area of one square centimeter. 


Figure 6.6: Distribution maras flux around a magnet. 
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RIGHT HAND RULE 


It was discovered that when an electrical current flows through a 
wire, a magnetic field exists around the wire. The direction of the 
magnetic field around the wire depends on the direction of current 
flow through the wire. This relationship may be determined by the 
right hand rule, as illustrated in Figure 6.7. 


Figure 6.7: Magnetic field surrounding a bar magnet. 
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If the wire is grasped in the right hand with the thumb pointing in 
the direction of current flow, the fingers will point in the direction of 
the magnetic field. 

If straight wire is wound into a coil, the lines of force encircling 
the wire form the magnetic field inside and outside of the coil, as 
illustrated in Figure 6.8. This field thus created is similar to the field 
of a bar magnet. The strength of the magnetic field is dependent 
upon two factors: the number of turns in the coil, and the magnitude 
of the current. Increasing either one increases the strength of the 
magnetic field. 


Figure 6.8: Magnetic field of a coil. 


MAGNETIC PROPERTIES OF MATERIALS 


Electric current can be used to create a magnetic field in materials. If 
a coil is wrapped around a bar of iron and direct current passed through 
the coil, a magnetic field is established in and around the bar due to the 
magnetic field caused by the current flowing through the coil. 

Materials like iron that are magnetizable are called ferromagnetic 
materials, Ferromagnetic materials are capable of retaining some part 
of the magnetic field induced in them. Within the ferromagnetic group 
of materials some are more easily magnetized than others. Those that 
are easily magnctized retain relatively little of the magnetic field after 
the current is shut off. Those that are difficult to magnetize retain 
more of thc magnetic field after the current is shut off. 


Magnetic Domains 

Some materials that can be magnetized possess atoms that are 
classified as submicroscopic regions, called magnetic domains. 
These domains have a positive and negative polarity at opposite 
ends because of internal magnetic alignment. If the material is not 
considered to be magnetized, the domains are randomly aligned, 
usually parallel to the crystalline axis of the material. When the 
material is subjected to a magnetic field, the domains align 
themselves parallel to the external magnetic field. The material then 
acts as a magnet. Figure 6.9 illustrates the domain alignment in 
nonmagnctized and magnetized material. 
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Figure 6.9: Alignment of magnetic domains: (a) in an unmagnetized material; and (b) in a 
magnetized material. 
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Magnetic Hysteresis 

All ferromagnetic materials have certain magnetic properties that 
are specific to that material. Most of these properties are described 
by a magnetic hysteresis loop. The data for the hysteresis loop are 
collected by placing a bar of ferromagnetic material in a coil and 
applying an alternating current or direct current. By increasing the 
magnetizing field strength H in small increments, and measuring the 
flux density B at each increment, the relationship between magnetic 
field strength and flux density can be plotted. 

The relationship between magnetic field strength and flux density 
is not linear for ferromagnetic materials. A specific change in H may 
produce a smaller or larger change in B, as shown in Figure 6.10, 
the initial curve for an unmagnetized piece of steel. Starting at point 
0 (zero magnetic field strength and zero magnetic flux) and 
increasing H in small increments, the flux density in the material 
increases quite rapidly at first, then generally slows until point A is 
reached. At point A, the material becomes magnetically saturated. 
Beyond the saturation point, increases in magnetic field strength do 
not increase the flux density in the material. In diagrams of full 
hysteresis loops, the curve OA is often drawn as a dashed line since 
it occurs only during the initial magnetization of an unmagnetized 
material. It is referred to as the virgin curve of the material. 

When the magnetic field strength is reduced to zero (point B in 
Figure 6.10b), the flux density slowly decreases. It lags the field 
strength and does not reach zero. The amount of flux density 
remaining in the material (line 0B) is called residual magnetism or 
remanence. The ability of ferromagnetic materials to retain a certain 
amount of magnetism is called retentivity. 

Removal of residual magnetism requires the application of a 
magnetic field strength in the opposite or negative direction (see 
Figure 6.10c). When the magnetic field strength is first reversed and 
only a small amount is applied, the flux density slowly decreases. As 
additional reverse field strength is applied, the rate of reduction in 
flux density (line BC) increases until it is almost a straight line 
(point C) where B equals zero. 
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Figure 6.10: Hysteresis data for unmagnetized steel: (a) virgin curve of a hysteresis loop; 
(b) hysteresis loop showing residual magnetism; (c) hysteresis loop showing coercive 
force; (d) hysteresis loop showing reverse magnetism; (e) hysteresis loop showing reverse 
residual magnetism; and (f) complete hysteresis loop. 


(a) (b) 
B+ 
Zero flux density A 


^ , Residual magnetism a . 
Zero magnetic ^  Saturation Saturation 
field strength bt point point 


H- 


- 


qe 5 
¢ Saturation 
point 


Reverse 
magnetization 
saturation point 


(f) 


A 


Saturation 
point 


Residual magnetism 
D D 


Reverse B- Reverse residual 
magnetization point point 


46 Personnel Training Publications 


If the amount of magnetic field strength is increased beyond 
point C, the magnetic flux changes its polarity and initially increases 
quite rapidly. It then gradually slows until point D is reached 
(Figure 6.10d). This is the reverse polarity saturation point, and 
additional magnetic field strength will not produce an increase in 
flux density. When the reversed magnetic field strength is reduced to 
zero (point E in Figure 6.10c) the flux densities of the residual 
magnetism from the straight and reversed polarities are equal (line 
OB is equal to line OE). 

Removal of the reversed polarity residual magnetism requires 
application of magnetic field strength in the original direction. Flux 
density drops to zero at point F in Figure 6.10f with the application 
of coercive force OF. Continuing to increase the field strength results 
in the magnetic polarity changing back to its original direction. This 
completes the hysteresis loop ABCDEF (note that the curve CDEF is 
a mirror image of curve ABCF). 


Magnetic Permeability 

One of the most important properties of magnetic materials is 
permeability. Permeability can be thought of as the ease with which 
materials can be magnetized. Air is assigned a permeability of one 
(1). Permeability is the ratio between the flux density and the 
magnetic field strength (B/H). It is also the rate of change of flux 
density (B) with respect to the magnetizing force (H), and it varies 
with position around the B and H curve. 


Eq.3.1 , = B/H or B=yH 


where u is permeability (pronounced “mu”), B is magnetic flux 
density and H is magnetic field intensity. 

Magnetic properties and hysteresis loops vary widely between 
materials and material conditions. They are affected by chemical 
compositions, microstructure and grain size. Fig. 6.11a is a 
hysteresis loop for hardened stcel, and the loop is typical of a 
material with low permeability, high reluctance, high retentivity and 
high residual magnetism. That requires high coercive force for 
removal. Figure 6.11b is the hysteresis loop for an annealed low 
carbon stecl. It is typical of a material with high permeability, low 
reluctance, low retentivity and low residual magnetism that requires 
a low coercive force for removal. 
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Figure 6.11: Positive field strength hysteresis loops: 
(a) hardened steel hysteresis loops; and (b) annealed low carbon 
steel hysteresis loop. 
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Chapter 7 


Flux Leakage Sensing Elements 


INDUCTIVE COIL SENSORS 


In order for an inductive coil to detect perturbations in a static 
magnetic field, there must be relative motion between the coil and the 
field such that the flux within the coil changes. Ferrites are useful in 
pickup coils because they do not only provide support for the wire 
turns but they also concentrate the flux density through the coil 
windings by a value equal to the effective permeability of the ferrite. 

For small pieces of ferrite (Figure 7.1) where the dimensional 
ratio is small, the effective permeability of the ferrite may vary from 
the low teens to the thousands. The advantage of using ferrite occurs 
not only in this application but also in the fact that ferrites have very 
low electrical conductivities, minimizing detrimental eddy current 
effects in them. 


Figure 7.1: Ferrite cored magnetic flux leakage detector coil systems. 
(a) Ferrite (b) 


Input 


Magnetized material 


It is important to note in the inductive sensor approach that the 
flux density must be changing through the coil in order to produce a 
signal. It is essential that pickup coils are used to generate voltages 
and not currents. Once a current is allowed to flow in a coil, it 
creates its own magnetic field — one that can interfere with the field 
under investigation. The output of such coils is therefore generally 
fed to a high resistance operational amplifier. 
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Hall Effect Sensors 

Hall elements are crystals of semiconductor material. When a 
current is passed through them and they are placed in a magnetic 
field, a voltage develops across two of the faces of the crystal. The 
voltage is proportional to the strength of the magnetic field. 

Bulk Hall elements are generally bismuth doped semiconductors 
such as indium antimonide (InSb). These are produced by solid-state 
crystal growth technology, cut into small rectangular blocks and 
have current and voltage leads attached before being encapsulated. 
Typical sizes are as small as 0.08 cm (0.03 in.) long by 0.04 cm 
(0.015 in.) wide by 0.05 cm (0.02 in.) thick. 

Vapor deposited Hall elements have been reported for use in the 
testing of ball bearings by the magnetic flux leakage technique. In 
this application, bismuth was evaporated onto an alumina substrate. 
A newer development is to combine the Hall sensor, its power 
supply and an amplifier on one chip. Figure 7.2 and Table 7.1 show 
configurations of typical Hall sensors and their specifications. 


Figure 7.2: Typical Hall element probes: (a) flat; (b) high 


linearity; (c) miniature; (d) subminiature; and (e) axial (see 
Table 7.1). 
0.2 x 0.5 cm (0.08 x 0.2 in.) 
(a) il 
(b) 
NN Brass holder 
(c) PRO SE RR Sus ! 
a Epoxy coated (with slide protector) 
A ee 
A O 3 
Epoxy coated (with slide protector) 
0.06 x 0.2 cm (0.025 x 0.08 in.) 
C MEE AI ARI 7 
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Table 7.1: Specifications of typical Hall element probes (see Figure 7.2). 


Probe Type Hall Output Nominal Temperature Operating 
Voltage Current Control Coefficient Temperature 
(millivolts) (milliamperes) (°C) (°C) 
Flat or transverse 340 200 4). 1 -65 to 85 
High linearity 350 350 -0.1 —65 to 85 
Miniature 200 25 -0.25 —65 to 85 
Subminiature 200 25 -0.25 -65 to 85 


Axial 100 100 —65 to 85 


Since Hall effect sensors do not depend on motion for their 
sensitivity, they can be scanned at any rate that is mechanically 
convenient, which may present an advantage over inductive coil 
sensors depending on the application. However, Hall effect sensors 
are difficult to fabricate, are somewhat delicate and require more 
complex auxiliary electronic apparatus than inductive coil sensors. 


Flux Gate Magnetometer 

The flux gate magnetometer, also referred to as a ferro-probe or 
Forster probe, is a device that measures magnetic fields by utilizing 
the non-linear magnetic characteristic of ferromagnetic core 
materials as its sensing element. A drive coil and sense coil are 
wound onto an easily saturated core. The core characteristics and 
drive current are such that the magnetization changes induced by the 
leakage field affect the filter harmonic output of the sense coil. In 
operation, the ferromagnetic core of the sensor is driven cyclically tc 
saturation by means of a periodic current of suitable wave shape in 
the drive coil windings. 

In the absence of a signal field, which is usually direct current or 
very low frequency alternating current, and is generally a very small 
fraction of the peak value of the driving field, the voltage induced in 
the sense winding is symmetrical. In other words, it contains only 
odd harmonics of the fundamental of the drive current. In the 
presence of a signal, the sense winding voltage becomes 
asymmetrical. This asymmetry is sensitively related to the signal 
field and can be detected by various techniques. 


MAGNETODIODE 


The magnetodiode is a solid-state device, the resistance of which 
changes with magnetic field intensity. It consists of (p) zones and (n; 
zones of a semiconductor, separated by a region of material that has 
been modified to create a recombination zone, as illustrated in 
Figure 7.3. 
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Figure 7.3: Schematic of magnetodiode. 


Legend 
H - magnetic field 
i - intrinsic zone 
n=n zone 
pepzone  . 
r - recombination zone 


Active areas typically measure 0.3 x 0.06 x 0.04 cm (0.12 x 
0.024 x 0.016 in.), and output signals arc generally larger than for 
Hall elements, although the response to field intensity is not so 
linear for higher fields, as shown in Figure 7.4. 


Figure 7.4: Response of magnetodiode is linear up to about 
40 kA-m-1 (500 Oe) at ambient temperature of 25 °C (77 °F) 
and potential of 6 V. 
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Applications of Magnetodiodes 

Figure 7.5 shows the use of magnetodiodes for detecting 
magnetic flux leakage from discontinuities in tubes. The magnetic 
flux leakage is excited by alternating current electromagnets 
arranged to detect either internal or external surface breaking 
discontinuities. The system illustrates the general principles of 
magnetic flux leakage testing. Sensors are connected differently to 
eliminate signals from the applied field and from relatively long 
range variations in surface field strength. This system and magnetic 
flux leakage systems like it are used to rapidly evaluate the surface 
condition with a depth of only 0.01 cm (0.004 in.). 


Figure 7.5: A magnetodiode testing system for tubes: (a) alternating current magnetizing 
method; and (b) electrical block diagram. 
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OTHER METHODS OF 


MAGNETIC LEAKAGE FIELD DETECTION 


Magnetic Tape System 

For the testing of flat plates and billets, it is possible to scan the 
surface with wide strips of magnetic recording tape. Discontinuity 
signals are taken from the tape by an array of tape recorders heads. 
Scale, dirt or oil on the test surface can contaminate the tape. 
Surface roughness can tear the tape. 
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Magnetic Particles 

Magnetic particles are finely ground high permeability magnetic 
material. sometimes dyed for visible contrast with the test surface. 
Ideal test conditions occur when a fine spray of particles is 
intercepted by a magnetic flux leakage ficld and some of them stick 
to the field. An advantage over other forms of magnetic indicators is 
that the particles have zero lift-off from the discontinuity. 

A critical factor in successful magnetic particle testing is the 
proper choice of magnetizing current level. With too little 
magnetizing current, the field gradient around discontinuities will 
not be sufficient magnitude to hold the particles in place. On the 
other hand, if the magnetizing current is too high, a field gradient 
may be strong enough even in flawless areas to attract and hold 
particles over the entire surface, thus obscuring genuine 
discontinuity indications. For each situation, the optimum current 
level must usually be found experimentally, but guidelines put you 
in the general vicinity. 


Magnetic Resonance Sensors 

Nuclear magnetic resonance magnetometers are based on the fact 
that the characteristic atomic frequencies also depend on the strength 
of magnetic field. In operation, when an atomic nucleus is placed in 
a constant magnetic ficld and is subjected to a high frequency 
alternating magnetic field, resonance absorption of energy from the 
alternating current field take place. 

The absorption always takes place at a fixed ratio of constant 
field strength to the alternating field frequency. Hence, if the 
frequency at which nuclear magnetic resonance take place is 
measured, the constant field strength can be determined. Resonance, 
magnetometers include a large family of devices that can measure 
magnetic fields of any strength and are subject to wide variety of 
applications in the engineering field. 
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Chapter 8 


Coil Impedance 


Tesr OBJECT 


There are three fundamental properties of material that affect the 
eddy currents induced in the test part. 


1. The conductivity of the test object. 
2. The permeability of the test object. 
3. The dimensions of the test object. 


Conductivity 

Conductivity of a material is defined as the ability of the material 
to carry electrical current, i.c., the number of amperes of current that 
will flow through a given size (cross-sectional area) of the material 
when a given voltage is applied to the matcrial. This definition is too 
cumbersome to use with ease in eddy current testing. Instead, the 
International Annealed Copper Standard (IACS) system is used. The 
symbol for conductivity is Y (ø ) and the units are expressed in 
percent IACS. 

In the IACS system, the conductivity of unalloyed (pure) 
annealed copper was selected as the standard, and the conductivities 
of all other materials are expressed as a percentage of this standard. 

Unalloyed annealed copper is assigned a rating of 100% and a 
material that conducts electrical current only half as well is rated at 
50% IACS. For example, a wire made of aluminum can carry only 
61% of the current that can be carried by the same size wire made of 
pure alloyed copper at a given voltage. 

Table 8,1 lists the LACS of several materials. The table illustrates 
that materials do have different abilities to conduct electrical current. 

Good conductors include copper and silver, poor conductors 
include nickel and steel, and non-conductors include wood and 
glass. Differences in the conductivity of different materials are 
detectable by eddy current testing due to the effect that the 
conductivity of the material has on the magnetic field of the exciting 
coil. 

Resistivity is defined as the ability of material to resist the flow 
of current. The symbol for resistivity is p (rho) and the units are 
expressed in micro-ohm centimeters (# Qem). Conductivity and 
resistivity work in opposition to each other. Conversions between 
conductivity and resistivity can be made using simple division, The 
original copper bar uscd to establish the standard had a direct current 
resistance of 0.017241 ohms with a conversion factor of 172.41, 
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To convert to cither unit, simply follow Equation 8.1. 
172.41 


Eq. 8.1 %1ACS = — — —— — — 
Resistivity in micro ohm-cm 


Table 8.1: Relative conductivity of various metals and alloys. 


Metal or Alloy Conductivity, ZIACS 


Silver 


Copper, annealed 
Gold 
Aluminum 61 
Aluminum alloys: 
6061-T6 42 
7075-T6 32 
2024-T4 30 
Magnesium 37 
70-30 Brass 28 
Phosphor bronzes 11 
Monel 3.6 
Zirconium 3.4 
Zircaloy-2 2.4 
Titanium 3.1 
Ti-6AT-4V alloy l 
304 stainless steel 2.5 


Inconcl 600 
Hastclloy X 
Waspaloy 


As resistivity increases, conductivity decreases and vice versa. 


Example Problem: Convert resistivity of 5.5 micro-ohm 
centimeters to conductivity in %IACS. 
Solution: %1ACS = 172.41/5.5 micro-ohm 
= 31.3% IACS 
Table 8.2 lists the electrical conductivity and resistivity of 
common metals and alloys. 


Factors Affecting Conductivity 
While the inherent conductivity of a pure material is always the 
same, there are internal factors that can cause whal appears to be a 
change in the inherent conductivity. 
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Metal Conductivity Resistivity 
MS:m! (%IACS) Q-m (uQ-cm) 
Aluminum, pure 35.38 (61) 2.83 x 10-8 (2.83) 
Aluminum (99.9966) 37.67 (64.94) 2.65 x 10-8 (2.65) 
Antimony 2.55 (4.4) 3.92 x 10-7 (39.18) 
Bronze, commercial annealed 25.52 (44) 3.92 x 10-3 (3.92) 
| Cadmium 14.62 (252) 6.84 x 10-8 (6.84) 
Calcium 28.25 (48.7) 3.54 x 10-8 (3.54) 
Chromium 5.10 (8.8) 1.96 x 107 (19.59) 
Cobalt 16.01 (27.6) 6.25 x 10-8 (6.25) 
Copper 58 (100) 1.72 x 10-8 (1.72) 
Gold 40.60 (70) 2.46 x 10-3 (2.46) 
Iron, pure 10.44 (18) 9.58 x 10-8 (9.58) 
Iron ingot (99.9%) 9.05 (15.6) 1.11 x 1077 (11.05) 
Magnesium, pure 22.39 (38.6) 4.47 x 10-8 (4.47) 
Molybdenum 19.14 (33) 522 x 10-8 (5.22) 
Nickel 14.62 (25.2) 6.84 x 10-8 (6.84) 
Selenium 8.35 (144 1.20 x 10-7 (11.97) 
Silver, tin solder 9.63 (16.6) 1.04 x 1077 (10.39) 
Steel, high alloy 1.68 (2.9) 5.94 x 1077 (59.45) 
Tin, pure 8.70 (15) 1.15 x 10-7 (11.49) 
Tin foil 2.44 (4.2) 4.10 x 10-7 (41.05) 
Tungsten 18.21 (31.4) 5.49 x 10-8 (5.49) 
Zinc, commercial rolled 16.24 (28) 6.16 x 10-8 (6.16) 


Table 8.2: Electrical resistivity and conductivity of selected metals and alloys. 


Alloy Composition 

Alloys are combinations of other metals and/or chemical 
elements with a base metal. Each metal or chemical element has an 
individual affect on the conductivity of the base metal. 

The conductivity of the base metal changes to a value relating to 
the composition of the alloy. Thus it is possible to identify basic 
metals and their alloys by measuring their conductivity, but ranges 
of aluminum alloys, for example, overlap. Examples include copper 
alloys (90-10 Cu-Ni, 70-30) and 300 series stainless steel (304-SS, 
316-SS and 316L-SS). 


Hardness 

When a metal or alloy is subjected to heat treatment, the metal 
will become harder or softer depending on the material. This change 
in hardness is brought about by the internal change in the material 
that also affects the conductivity and/or permeability of the material. 
This change can be detected by eddy current test methods. An 
improper heat treatment can be detected in this manner. 
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Temperature and Residual Stresses 

The ambient temperature and internal residual stresses of a test 
material also have an effect on the conductivity of the material. 
These changes can also be detected by eddy current testing. An 
increase in the temperature of the material normally results in a 
decrease in the conductivity of the material. Residual stresses cause 
an unpredictable. but detectable, change in conductivity. 


Conductivity Coatings 

The presence of a conductive coating on a conductive material 
changes the inherent conductivity of a base metal just an as an alloy 
would. However, if the thickness of the cladding varies, the 
conductivity will vary. This change in thickness can be detected 
using eddy current testing methods. 

As the test coil is influenced by different conductivities, its 
impedance varies inversely to conductivity. A higher conductivity 
causes the test coil to have a lower impedance value. Figure 8.1 
illustrates this concept. 


Figure 8.1: Measured conductivity locus. 


CELLO 
0% Bah Conductivity 


Reactance 


Resistance 


The coil’s inductive reactance is represented by the Y axis, and 
coil resistance appears on the X axis. The 0% conductivity point, or 
air point, is when the coil's empty reactance (X1 o) is maximum. 
Figure 8.1 represents a measured conductivity locus. Conductivity is 
influenced by many factors. 


Edge Effects 

Edge effects can be demonstrated by moving the eddy current 
probe toward the edge of a test sample and observing the change in 
instrument reading that results. Figure 8.2 is an example of 
instrument change resulting from edge effect. Test samples must be 
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large enough to prevent this edge interference or probes must be 
shielded to collimate the field. In this particular case, an edge 
distance of 0.5 cm (0.2 in.) or more must be maintained to avoid 
errors, If test objects have a narrow width, a centering jig or holder 
should be used to maintain the probe on center, Edge distance curves 
are used to apply correction factors to conductivity readings on 
production parts, The same changes occur as the coil approaches the 
end of a tube. Even shielded probes have some edge effect. 


Figure 8.2: Influence of edge effect on conductivity measured 
by eddy current probe: (a) probe at edge; and (b) signal. 
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Skin Effect 

In many applications, electromagnetic tests are most sensitive to 
test object variables nearest to the test coil due to skin effect. Skin 
effect is a result of mutual interactions of eddy currents, operating 
frequency, test object conductivity and permeability. The skin effect 
(the concentration of eddy currents in the test object nearest the test 
coil) becomes more evident as test frequency, test object 
conductivity and permeability are increased. 
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End Effect 

End effect follows the same logic as skin effect. End effect is the 
signal observed when the end of a product approaches the test coil. 
Response to end effect can be reduced by coil shielding or reducing 
coil length in outer diameter encircling or inner diameter bobbin 
coils, End effect is a term most applicable to the testing of bar or 
tube products. 


PERMEABILITY FACTORS 


Permeability originates from the word permeate, meaning to 
spread through. Permeability is the ease with which a material can 
become magnetized and it occurs mainly in the Xy component of Z. 

Soft iron and iron with low carbon content are very easy to 
magnetize and are highly permeable. These magnetic materials 
readily conduct the lines of force. Magnetic materials that are hard to 
magnetize have low permeability. Hardened ferromagnetic steel with 
high carbon content is hard to magnetize and has low permeability. 

Although hard, ferromagnetic steel has low permeability and is 
difficult to magnetize. It will hold some of the magnetism after the 
magnetizing current is shut off. That is how a permanent magnet like 
the horse-shoe magnet is made. The magnetism retained in a magnet 
is called residual magnetism. 

When an energized test coil is placed on ferromagnetic materials, 
the field is greatly intensified by the magnetic properties of the material 
so that a large change in the impedance of the test coil occurs. 

If the magnetic field strength at various locations varies even 
slightly, these small variations have a large effect on the impedance 
of the coil. These changes in the impedance of the coil are often so 
large that they mask all other changes, such as conductivity and 
dimensional changes. This effect may be overcome by magnetizing 
the material to saturation using a separate coil energized by a direct 
current source, Magnetic saturation eliminates or reduces any 
variations in the residual magnetic field caused by magnetic 
variables, and thus allows other variations to be measured. Eddy 
current tests on carbon steel materials where saturation is not used 
limits the depth of penctration to very small depths. During 
saturation, the slope of the B and H curve is almost horizontal, and 
the permeability relative to air is approximately one (1). 


DIMENSIONAL FACTORS 


Dimensional factors of the material that are of concern fall under 
two types. 


1. The dimension and shape of the test object. 
2. The presence of discontinuities in the test object. 
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Test Object Shape and Thickness 

Eddy currents do not penetrate throughout thick material but tend 
to be concentrated near the surface. Thus there is a finite, or limited, 
depth of penetration. For mathematical reasons, it has become useful 
to define the standard depth of penetration as the distance from the 
surface of the test object to the point where the current density is 
about 37% of the current density at the surface. 

The depth of penetration of eddy currents in a nonmagnetic test 
object depends on the conductivity of the nonmagnetic material (the 
greater the conductivity, the less the penetration) and the frequency 
of the alternating current used to energize the test coil (the lower the 
frequency, the greater the penetration). 

When the material is thin enough (as shown in Figure 8.3) so that 
all of the coil’s magnetic field is not used in creating eddy currents, 
the strength of the eddy currents is reduced. This appears to the test 
circuit as an apparent difference in conductivity from that of the 
thicker piece of the material. 


Figure 8.3: Effect of material thickness on eddy current tests. 
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DISCONTINUITIES 


A discontinuity is defined as any interruption in the normal 
physical structure or configuration of an object. The flow of eddy 
currents within the material is affected by the presence of 
discontinuities, such as cracks, pits, vibrational damage and 
corrosion. Discontinuities in a test object disturb the normal eddy 
current flow and this results in a change in the coil impedance. 

The magnitude of the indication caused by a discontinuity is 
primarily dependent on the amount of current disrupted by the 
discontinuity. In other words, the depth, width and length of a 
discontinuity determines the change in the eddy current flow, as 
shown in Figure 8.4. 

Discontinuities open to the surface are more easily detected than 
subsurface discontinuities. Discontinuities open to the surface can be 
detected with a wide range of frequencies; subsurface investigations 
require a more careful frequency selection. 
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Figure 8.4: Distortion of eddy currents by a discontinuity. 
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Chapter 9 


Eddy Current Test Systems and Analysis 


IMPEDANCE TESTING SYSTEMS 


Impedance testing systems are the simplest to operate. Most of 
the portable conductivity testers and discontinuity detectors simply 
detect a change in impedance. They do not detect phase shifts. 

Impedance testing, in spite of the many variables that can cause 
changes in impedance, is actually fairly simple and direct. The most 
difficult task for the technician is the ability to recognize with any 
degree of certainty whether a change in impedance is due to a 
change in lift-off or due to a change in conductivity. 

The presence of discontinuities in the material will also cause 
changes in the impedance. Since discontinuities are indicated by 
sudden changes in indications as opposed to gradual changes for all 
the other conductivity factors, the technician has no difficulty in 
differentiating the two types. 


PHASE ANALYSIS SYSTEMS 


Because a change in impedance is accompanied by a shift in 
phase, it is possible to observe the phase shifts rather than the 
impedance change to determine the conditions that exist in the 
material. 

The impedance of a coil may be represented by a vector, whose 
length represents the impedance value and whose direction 
represents a phase angle (the angle by which the current lags behind 
the voltage). These vectors may be measured and plotted on a chart 
known as the impedance-plane diagram. The impedance-plane 
diagram may be plotted cither by knowing the impedance value and 
the phase angle or by knowing the resistive component and the 
reactive component. 


Conductivity on the Impedance-Plane Diagram 

Figure 9.1 is a typical impedance-plane representation of several 
impedances obtained by eddy current testing from several different 
types of nonmagnetic metals with the same test set and at the same 
frequency with different conductivity. The lag angles and impedance 
values obtained for each of these materials, including the values 
obtained when the coil was held in air, are shown by their individual 
vectors. 
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Figure 9.1: Impedance vectors shown on impedance-plane diagram. 
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In Figure 9.2, a curve is drawn connecting the impedance value 
of cach of the vectors. This curve then is the locus of all the 
impedances that will result from changes in conductivity. If all other 
factors are held constant. a change in conductivity of any material 
will result in an impedance value that will fall somewhere on this 
curve. An increase in conductivity will cause the impedance to move 
to the right and down along the curve, while decrease in 
conductivity will cause the impedance to move up and to the left. 


Figure 9.2: Conductivity locus on impedance-plane diagram 
for nonmagnetic materials. 
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Figure 9.3 illustrates the locus of all the impedances that will 
result as the coil is lifted off the 100% IACS material (all other 
factors held constant). When the coil is held in contact with the 
100% LACS material, the locus is on the conductivity curve. As the 
coil is lifted off the material, the impedance moves in the direction 
indicted by the dashed line. As the coil is further removed, the 
impedance moves further along the dashed line until the material no 
longer affects the coil (the coil is in air). At this point the impedance 
is back on the conductivity curve at 0% IACS as shown. 


Figure 9,3: Lift-off locus on impedance-plane diagram. 
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Figure 9.4 illustrates a family of lift-off curves — cach one 
starting at a different conductivity. Note the angles (A and B) formed 
at the junctions of the lift-off locus curves and the conductivity locus 
curve. In the areas of low conductivity on the diagram, the angle (B) 
is small. In the arcas of high conductivity, thc angle (A) is larger. 
Thus the impedance-plane diagram shows that in materials with 
high conductivity, it is easier to detect a change in lift-off. In areas 
of high conductivity on the diagram, a change in conductivity is 
mostly a change in the coil's inductive reactance (vertical), while 
changes in lift-off are mostly a change in the coil's resistance 
(horizontal). Due to this large difference in direction, the effect of 
lift-off may be distinguished from the effect of a change in 
conductivity. 
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Figure 9.4: Family of lift-off loci on impedance-plane diagram. 
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Effect of Frequency on Impedance-Plane Diagram 

Tf the frequency of the voltage applied to the coil is changed. 
there is a change in the resistive and reactive factors of the 
impedance. If an impedance-plane diagram of conductivity is then 
prepared at the new frequency, the conductivity locus curve will be 
different than that obtained at the old frequency. Although the 
specific values are different, the two curves are very similar in 
appearance. Figure 9.5 shows three typical conductivity loci that 
might be obtained at three different operating frequencies. 

Note that at higher frequencies, the locus of the point 
representing any given material shifts towards the lower end of the 
conductivity curve. Also note that at lower test frequency, copper 
and aluminum are widely separated on the conductivity loci curve 
while at the higher test frequencies, copper and aluminum are much 
closer together on the lower end of the curve. 
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Figure 9.5: Frequency effect on impedance-plane diagram: 
(a) low frequency (20 KHz); (b) medium frequency (100 KHz); 
and (c) high frequency (1 MHz). 
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Effect of Material Thickness 

Figure 9.6 shows the effect of thickness changes as applied to 
brass. The thickness loci may be plotted by measuring the resistance 
and reactance of a very thin sheet of brass and repeating the process 
for steadily increasing thicknesses. Ultimately the depth of 
penetration limit is equaled and the resistance and reactance values 
reach the conductivity curve. Further thickness increases will have 
no effect. 


Figure 9.6: Thickness variations of brass on the impedance-plane diagram. 
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Figure 9.7 shows thickness loci for several different types of 
metals, Since the eddy currents gradually become weaker and 
weaker as they approach the depth of penetration limit, thickness 
variations have less and less effect (note how the distance between 
points on the curve become shorter for the same change in thickness 
as the material thickens). Hence, the sensitivity to varying thickness 
becomes less and less as the material thickness increases. 
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Figure 9,7: Thickness variations of several metals on the 
impedance-plane diagram. 
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Effect of Frequency on Thickness Measurements 

Figure 9.8 shows the effect that a change in frequency has on 
thickness measurements of brass. Since a change in frequency 
changes the depth of penetration, a lower frequency will give a 
greater depth of penetration when the conductivity curve is reached. 
The thickness points that are plotted will be located higher on the 
thickness curve with more distance between them. Raising the 
frequency will have the opposite effect. The depth of penetration 
will not be as great as the points that are plotted. These will be 
located further down on the curve and closer together. 
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Figure 9.8: Effect of frequency on thickness measurements. 
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Suppression of Nonrelevant Variables 

In the type of eddy current equipment where the bridge networks 
may be balanced (or nulled) by adjustment of resistance and 
reactance, the bridge may be set to operate from any point on the 
impedance-plane. Figure 9.9 illustrates the basic concept of this 
approach. 


Suppression of the Lift-Off Variable 

Figure 9.9a shows the selection of test points that could be used 
to suppress the lift-off variable. Suppression of the lift-off variable is 
accomplished by simply selecting a test point D so that the distances 
D-C and D-A are equal. Thus a slight change in lift-off will not 
affect the overall reading. 

The test point selected could lie anywhere along the line D-E. If 
the test point selected is too far away from the conductivity curve it 
is possible that the meter will be driven off scale, but selecting a test 
point considerably away from the conductivity curve will produce 
the best overall results. 

If test point D is selected as the test point and the probe is moved 
from alloy A to alloy B, the meter reading will decreasc. If point E is 
selected as the test point, the meter reading will increase when the 
probe is moved from alloy A to alloy B. It is possible that better 
sensitivity can be obtained from a test point located on one side than 
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on the other. In practice, the best procedure is to evaluate test points 
on both sides, then choose whichever gives the best results. 


Suppression of the Conductivity Variable 

Tn measuring the thickness of nonconductive coatings on 
conductive materials, it is necessary that the lift-off variable be 
measured and that the conductivity variable be suppressed. To 
accomplish this, a test point is selected (sec Figure 9.9b) that lies on 
a line that is perpendicular to the conductivity curve at the point of 
interest. 


Figure 9.9: Test point selection. 
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Conductivity and Permeability 

For magnetic materials, the lift-off and magnetic permeability 
loci curves are virtually supcrimposed (Figure 9,10a) but their 
respective values increase in opposite directions, Figure 9.11 shows 
that the reactance component of the test coil impedance is decreased 
by the presence of nonmagnetic materials. This reactance reduction 
occurs because induced currents flow in the conductive and 
nonmagnetic object and set up a secondary field that partially 
cancels the primary field of the coil. The opposite is true when a 
magnetic material such as iron or ferrite is placed within the field of 
the coil. This happens because the presence of the magnetic field 
intensity of the primary coil field causes atomic magnetic clements 
of the magnetic material to become aligned with the field, increasing 
the flux density. The magnetic permeability y is the ratio of flux 
density B to magnetic field intensity H: 


Eq. 9.1 iS Se 


where B is magnetic flux density (tesla) and A is magnetizing force 
or magnetic field intensity (A:m-!). 

The nickel zinc ferrite cores (Figure 9.10b) were chosen as 
examples because they have a low conductivity and two diffcrent 
values for permeability. The effect of the increased flux density 
gives a greater induced voltage in the test coil that in turn raises the 
impedance. The increase in impedance is in the reactance direction 
except for the effect of a small amount of energy loss resulting from 
hysteresis. The nickel zinc ferrite cores may have an initial 
permeability of 850, high on the permeability line of Figure 9.10a. 
Usually practical engineering materials also have an associated 
electrical conductivity that affects the impedance, as shown for 
422 steel and 4340 steel in Figure 9.10b. The relative relationship of 
the permeability loci lines and the conductivity curves for three 
materials are shown in Figure 9.10c. 

The vector or phasor values of inductive reactance and resistance 
for different material conditions yicld unique loci or phasor plots on 
the impedance-plane at particular operating frequencies. The phase 
angle of the impedance vectors will change at different frequencies 
because the inductive reactance value is a function of inductance and 
frequency. Hence vector points may move relative to one another 
along the conditional loci curves when the operating frequency is 
changed. This shift in phase is shown in Figure 9.12 for the 
conductivity values of nonmagnetic materials. Similar phase angle 
changes for the permeability of 4340 steel are shown in Figure 9.13 
as the frequency changes from 75 to 300 KHz. These changes in 
phase shift at different frequencies do not interfere with impedance- 
plane analysis, provided that the operator 1s aware of this factor. In 
some cases, test results may be improved by changing the frequency 
to cause phase shifts. 
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(a) 


Inductance X (relative scale) 


(b) 
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Figure 9.10: Permeability, lift-off and conductivity loci on 
impedance-plane: (a) permeability and lift-off locus; 

(b) permeability loci for different materials; and (c) loci for 
permeability u and conductivity c. 
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Figure 9.11: Lift-off and edge effect loci on impedance-plane: 
(a) lift-off loci; and (b) edge effect loci. 
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Figure 9.12: Movement of material points by frequency changes: (a) low frequency, 
20 kHz; (b) medium frequency, 100 kHz; and (c) high frequency, 1 MHz. 
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Figure 9.13: Phase angle changes on impedance-plane caused 


by frequency changes. 
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With phase analysis eddy current instruments, an operator can 
produce impedance-plane loci plots or curves automatically on a 
flying dot oscilloscope or integral cathode ray tube. Such 
impedance-plane plots can be presented for the following material 
conditions, as shown in Figure 9.14. 


Lift-off and edge effects. 
Cracks. 

Material separation and spacing. 
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Plating thickness. 
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Figure 9.14: Impedance changes in relation to one another on 
impedance-plane. 
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Evaluation of these plots shows that ferromagnetic material 
conditions produce higher values of inductive reactance than values 
obtained from nonmagnetic material conditions. Hence the magnetic 
domain is at the upper quadrant of the impedance-plane, whereas 
nonmagnetic materials are in the lower quadrant. The separation of 
the two domains occurs at the inductive rcactance values obtained 
with the coil removed from the conductor (sample); this is 
proportional to the value of the coil's self-inductance L. 

Linear material values do not produce linear responses on the 
impedance-plane loci. With the eddy current probe balanced on the 
metal specimen, the loci values for lincar material conditions are 
displayed as follows. 


1. Magnetic and nonmagnetic lift-off conditions are displayed 
logarithmically (in X). 


2. Magnetic and nonmagnctic edge effects are displayed 
logarithmically. 

3. Magnetic and nonmagnetic conductivities vary with test 
frequency. 

4. Magnetic permeability varies with test frequency. 

5. Metal thinning varics exponentially. 

6. Nonmagnetic plating thickness is displayed logarithmically. 

7. Material spacing or separation varies exponentially. 


Electromagnetic induction effects are not easy to understand. 
Neither the magnetic ficlds nor the eddy currents can be scen. 

In a problem solving situation, impedance-plane analysis is a 
uscful tool because it improves the ability to detect various 
conditions and provides a better understanding and interpretation of 
the eddy current test results, 


CATHODE Ray TUBE METHODS 


Cathode Ray Tube Vector Point Method 

When a cathode ray tube (CRT) is provided as part of the test 
equipment, the equipment may be set up to show on the tube the 
locus of all the points in which the technician is interested. Thus, the 
operator may construct, point by point, the impedance-plane diagram 
directly on the tube rather than on a separate sheet of graph paper. 
During actual testing of specimens, the impedance of the coil will 
cause a dot to appear at some point on the screen. Its position with 
respect to the impedance-plane diagram tells the technician what has 
occurred within the test object. An advantage of using a cathode ray 
tube is its extreme flexibility. For example, the equipment may be 
set up so that the display is rotated to a position where a change in 
lift-off would move the dot left or right, while a change in 
conductivity would move the dot up or down. The presence of a 
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discontinuity would cause the dot to move up and to the left, as 
shown in Figure 9.15. 


Figure 9.15: Rotation of cathode ray tube display. 
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Cathode Ray Tube Ellipse Display Method 

A CRT may also be set up to compare a test object with a 
reference standard. The ellipse method uses an inspection coil in 
conjunction with a reference coil. When a standard is placed under 
the reference coil and the test object 1s placed under the inspection 
coil, the CRT shows the phase relationships between the signals 
obtained. This comparison between the signals provides indications 
of the dimension variable and the conductivity variable. 

The dimension variable and the conductivity variable are shown 
on the CRT by the width of the ellipse and the angle tilt of the axis. 
Figure 9.16 shows CRT displays for dimension and conductivity. 


MODULATION ANALYSIS 


A modulation analysis system, shown schematically on 
Figure 9.17, adds a modulating device between the test set and an 
indicating device — a strip chart recorder. The modulating device is 
simply an electronic filter that will pass only certain frequencies. In 
modulation analysis a differential coil is used so that two adjacent 
areas of the article are compared. 
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Figure 9.16: Cathode ray tube displays for dimension and conductivity. 
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Figure 9.17: Modulation analysis system. 
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As the test specimen passes under or through the coils at a constant 
rate, various variables being sensed cause the equipment to register a 
signal. A discontinuity such as a crack will be indicated by a sharp rise 
in signal, followed immediately by a sharp drop. A dimension change, 
on the other hand, is most likely to occur gradually. Thus by using 
either a low frequency or high frequency filter, the effect of one 
variable or the other is eliminated from the strip chart readout. 

Figure 9.18 illustrates this. 


Figure 9.18: Elimination of noise. 
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Chapter 10 


Selection of Test Frequency 


TEST FREQUENCY 


The frequency of an alternating current is defined as the number 
of cycles (one complete cycle of current) that occur in one second. 
Its unit is the hertz — one hertz (1 Hz) being one cycle per second. 
Thus, house current at 60 cycles per second has a frequency of 
60 Hz. The most important parameter of the test system that affects 
the depth of penetration is the test frequency. 

The type of alloy involved and the variables to be measured or 
suppressed determine the best frequency. The depth of eddy current 
penetration within test materials is strongly affected by test 
frequency, permeability and conductivity. For a given alloy, higher 
frequencies normally limit the eddy current test to inspection of the 
excited metal surface nearest the primary coil winding. Lower 
frequencies permit deeper cddy current penetration. A given test 
frequency will allow eddy currents to penetrate deeper in lower 
conductivity alloys than in higher conductivity alloys. 

High test frequencies are normally used for detecting small 
surface cracks or surface contamination and for gaging thin coatings. 
Medium frequencies are useful for conductivity measurements such 
as alloy sorting. Low test frequencies are usually required for testing 
thicker materials (for opposite side corrosion, for example), for 
thickness gaging and for penetrating into magnetic materials. 

Penetration depth, however, is only part of the process for 
selection of optimum eddy current test frequencies. The geometric 
relationship between the impedance curves for the variable 
magnitudes (different conductivity points or lift-off points) along 
their respective impedance curves is important. 


DEPTH OF PENETRATION 


Eddy currents are not uniformly distributed throughout a test 
object. They are mostly dense at the surface closest to the coil, and 
become progressively less dense with increasing distance below the 
surface of the material. At some distance below the surface of a 
thick material there will be essentially no currents flowing. The 
depth of penctration is affected by the frequency, conductivity and 
permeability of the material. 
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The depth of penetration decreases as the frequency increases. 
The depth of penetration increases as the frequency decreases. 
The higher the conductivity, the less the penetration. 
The higher the permeability, the less the penctration 


WN — 


Note: When testing ferromagnetic materials, the permeability factor 
will have no effect on the depth of penetration if the test object is 
magnetized to saturation by a separate direct current coil. The 
standard depth of penetration is defined as the depth at which the 
current strength has dropped to 37% of the current density that exists 
at the surface. Figure 10.1 shows the distribution of eddy currents in 
a material. 


Figure 10.1: Variation in eddy current density. 
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If the standard depth of penetration excceds the thickness of the 
material under test, the restriction of the eddy current paths appears 
as a change in the conductivity of the material. The coil response 
then reflects the thickness of the material. Eddy currents do not 
cease to exist beyond one standard depth. Normally the material 
must have thickness of two or three times the standard depth before 
thickness ceases to have any effect on the test coil. 

A depth of penetration formula using resistivity, frequency and 
permeability can be expressed as: 


Eq. 10.1 à - Kf p/(f xu) 


whereó is depth of penetration, K is constant (1.98). pis resistivity 
in micro-ohm-cm, f is frequency in hertz, and z,e; is 1 for 
nonmagnetic materials. 
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The K factor becomes 1.98 (if working in inches). Assuming this 
will be 2, the formula then becomes simplified as follows: 


Eq. 10.2 3=2./p/(fxp,,) 


Example Problem: Calculate the standard depth of penetration in a 
pure aluminum sample at a test frequency of 100 kHz. 


2.83 micro-ohm centimcter 
(Resistivity / Frequency) 

( (2.83 x 0.001) / 100) x 1000 
0.0283 cm 


Conductivity of aluminum 
SDP 


u wow i 


Another approach to frequency selection uses argument “A” of 
the Bessel function where argument “A” is equal to unity or 1. 


2 
Eq.103 4.4.04 
5066 

where f is frequency, ji; is relative permeability, ois conductivity 
in meter/ohm-mm? and d is diameter of test object in centimeters. 

A frequency can always be selected to establish factor “A” equal 
to 1. This frequency is known as the limit frequency and is noted by 
the term fg. By substituting 1 for factor “A” and fg for f. the 
equation becomes: 


Eq. 10.4 |- Bhu od 
5066 
i 5066 
fa = 


7 Ua o d? 


where fg is limit frequency in hertz, y,,, is relative permeability, d is 
diamcter of test object in centimeters and Ois conductivity in 
meter/ohm-mm2. 

Limit frequency (fg) is then established in terms of conductivity, 
permeability, dimension and constant (5066). 

Since limit frequency is based on these parameters, a method of 
frequency determination using a test frequency to limit frequency 
ratio f/fg can be accomplished. High f/fg ratios are used for near 
surface tests, and lower f/fg ratios are used for subsurface tests. 

Figure 10.2 shows the standard depth of penetration for several 
materials with different conductivities at various operating 
frequencies. 
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Depth of penetration (in.) 
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Figure 10.2: Standard depth of penetration versus frequency for different types of material. 
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Single Frequency Systems 

These systems are capable of energizing the test coil with a 
single frequency. Frequency selection often becomes a compromise. 
It is common practice in in-service inspection of thin wall, 
nonferromagnetic tubing to establish a standard depth of penetration 
just past the midpoint of the tube wall. This permits about 25% of 
the available eddy current to flow at the outside surface of the tube 
wall. In addition, this establishes a phase difference of 
approximately 150° to 170° between the inside and outside surface 
of the tube wall. The combination of 25% outside, or surface 
current, and 170° included phase angle provides good detectability 
and resolution for thin wall tube inspection. 


Multi-Frequency Systems 

The frequency choice discussed previously deals with coil 
systems driven by only one frequency. Test systems driven by more 
than one frequency are called multi-frequency or multi-parameter 
systems. It is common for a test coil to be driven with three or more 
frequencies. Although several frequencies may be applied 
simultaneously or sequentially to a test coil, each of the individual 
frequencies follow rules established by single frequency methods. 
Signals generated at the various frequencies are often combined or 
mixed in electronic circuits that algebraically add or subtract signals 
to obtain desired result. The technician must have a good working 
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knowledge of current density and phase relationships in order to 
make intelligent frequency choices. 

Modern multifrequency eddy current systems allow the 
technician to perform discontinuity detection using the differential 
mode and absolute mode simultaneously. These systems generally 
use the time sharing technique to allow testing at four frequencies at 
the same time. Each frequency channel is capable of generating 
differential or absolute data. 

The vector analyzer used for multifrequency eddy current 
examination has the ability to display the signals from all four 
frequencies and the two mixers simultaneously. This allows the 
interpreter to evaluate all information available from the 
examination at the same time. 
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Chapter 11 
Coupling 


LirT-Orr AND FILL FACTOR 


Lift-off and fill factor arc terms used to describe any space that 
occurs between the test object and the inspection coil. 


Lift-Off 

Lift-off is a term used to describe any space that occurs between 
the test object and the inspection coil. When a surface coil is 
energized and held in the air above a conductor. the impedance of 
the coil has a certain value. As the coil is moved closer to the 
conductor, the initial value will change when the field of the coil 
begins to intercept the conductor. Because the field of the coil is 
strongest close to the coil, the impedance value will continue to 
change until the coil is directly on the conductor. Conversely, once 
the coil is on the conductor, any small variation in the separation of 
coil and conductor will change the impedance of the coil. 


Fill Factor 

Fill factor 1s a term used to describe how well a test object will 
be clectromagnetically coupled to a test coil that surrounds or is 
inserted into the test object. Fill factor pertains to tests that use 
bobbin or encircling coils, 

lt is necessary to maintain a constant relationship between the 
diameter of the coil and the diameter of the test object. Small 
changes in the diameter of the test object can cause changes in the 
impedance of the coil. This can be useful in detecting changes in the 
diameter of the test object, but it can also mask other indications. 

Fill factor can be described as the ratio of test object diameter 
squared to coil diameter squared for à circling coil, or vice versa for 
à bobbin coil where the inside diameter is used. 


" 


Eq. Ua 4 


y 
The fill factor will always be a number less than one. Tt is 
necessary to have a means to guide the test object or coil through the 
center at all times to maintain a fill factor of constant value, as 
shown in Figure 11.1. 
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Figure 11.1: Distortion of eddy currents by a discontinuity. 
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Fill factor = d2/D? 


~ 
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Calculation of Fill Factor 


Inside coils: Fill factor = d2/D2 
where: d = coil windings inner diameter 
D = tube internal diameter 


Outside coils: Fill factor = d?/D? 
where: D = coil windings inner diameter 
d = test object outside diameter 


Example Problem: What is the fill factor for inspecting 0.75 in. x 
0.049 in. of wall thickness copper tubes using a 0.610 in. outer 
diameter bobbin probe? 


Solution: Fill factor (bobbin coil) = d2/D? 
d — 0.610 
D 20.75 — (0.049 x 2) 
D20.75- 0.098 = 0.652 
Fill factor = (0.610)2/ (0.652)? 
Fill factor = 0.372 x 0.425 
Fill factor 2 8796 


Example Problem: What is the coil winding's inner diameter for 
inspecting 1 in. (2.5 em) solid rods using a fill factor of 90%? 


Solution: Fill factor (encircling coil) = d2/D2 
Fill factor = 90% or 0.9 
qs] 
0.9 = 12/2 
D? = 1/099 = 1.111 
D=y1.111=1.05in. 
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Chapter 12 
Electromagnetic Testing Applications 


EDDY CURRENT APPLICATIONS 


Applications of eddy current testing in industry are numerous and 
widespread. Eddy current testing can detect discontinuities that lie in 
planes transverse to the eddy currents present in the material or 
detect thickness changes and measure nonconductive coating 
thicknesses. Discontinuities include cracks, scams, laps, pits and 
laminations at cut edges of sheet or plate. The presence of a 
discontinuity is characterized by a sudden, brief change in 
impedance as the test coil moves across the discontinuity. Readings 
are calibrated with standards having known discontinuities, either 
natural or manufactured, in the same kind of material. 


Aerospace Applications 
Applications of eddy current tests in the aerospace industry 
include the following. 


Measurement of Metal and Coating Thickness 

In the aerospace industry, numerous metal parts are coated or 
plated to obtain special surface properties such as corrosion 
resistance, wear resistance or improved appearance. These coatings 
are prepared by various means, including electron-deposition, hot 
dipping, cladding and spraying. For controlling the thickness of the 
deposit and also for testing purposes, reliable and rapid 
measurements of coatings are necessary. 

Four general types of coating and base materials lend themselves 
to eddy current testing. The operating procedure used with the test 
instrument is determined by the specific combination of materials. 
These material combinations are classified as follows. 


|l. Metal foil and sheet or metal coating on a nonconductive base 

material, such as metallic film on glass, ceramic or plastics. 

Metal cladding with higher conductivity than the base metal, 

such as copper, zinc on steel or pure aluminum on an 

aluminum alloy. 

3. Metal cladding with a lower conductivity than the base metal, 
such as nickel on aluminum. 

4. Nonconductive coating on a metallic base material, such as 
anodic film or paint on aluminum, or other organic coatings 
on metals. 


N 
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REFERENCE STANDARDS FOR THICKNESS TESTING 


For eddy current thickness tests, at least threc objects with 
known metal thickness are needed as reference standards to 
calibrate the equipment. One reference standard represents the 
minimum acceptable thickness, the second represents the maximum 
acceptable thickness and the third is from the middle of the range. 
All calibration standards must have the same conductivity, 
permeability, substrate thickness and basic geometry as the test 
objects. 


Metal Thickness 

Tests for measuring metal thickness are generally used on 
chemically milled sheet stock, thin wall tubing, metal foil bonded to 
nonmetallic materials and any objects that may experience thinning 
from corrosion. 


Conductive Coating Thickness 

Cladding thickness measurements are used in two types of 
situations where conductivities of two metal layers are very 
different. The first situation, in which the cladding is a better 
conductor than the base metal, pertains to copper, zinc or 
cadmium coatings on steel base materials. The second situation, in 
which the cladding is the poorer conductor of the two metals, 
pertains to lead coatings on copper or to nickel coatings on 
aluminum. 


Metal Spacing 

There are times when a gap separates two metal sheets. The gap 
may be filled with a nonmetallic shim or may be purposely produced 
as a fixed dimension. If it is desired to measure the gap or spacing, 
an operating frequency must be chosen so that eddy currents will be 
generated in the second (subsurface) layer. The frequency chosen 
should produce eddy currents that penetrate both metals to a depth 
of 3 x conductivity, as shown in Figure 12.1. 

Gap or spacing measurements are best made with the probe 
located over the thin member; this reduces the problem with depth 
of penetration. If both members are equally thick but one has a 
lower conductivity, the probe should be placed on the low 
conductivity test object. 
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Figure 12.1: Probe coil impedance curve showing effect of metal 
spacing between two flat, parallel, metallic conducting sheets. 
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TESTS OF METAL CONDUCTIVITY 


Eddy current conductivity meters usually differ with respect to 
operating frequency, lift-off, temperature, sensitivity and probe 
size compensation or means of presenting test results. Most 
conductivity meters can provide results as a percentage of 
International Annealed Copper Standard (%IACS). Other 
instruments can provide conductivity measurements in siemens- 
per-meter or as customized displays of signal amplitude or phase 
angle (Figure 12.2). 


Testing of Bolt Holes 

Small cracks in material located next to fastener holes may go 
undetected until the cracks grow to a size that allows detection at the 
surface not covered by the head of the fastener or nut. A crack of 
this magnitude and under high stresses may continue to grow to 
failure at a rapid rate. Eddy current testing is a reliable way to detect 
cracks in material adjacent to fastener holes. Eddy current tests are 
well known for detecting small fatigue cracks, particularly in 
aluminum fastener holes. Automated bolt hole scanners provide 
reliable and repeatable test results. Finding small cracks at fastener 
holes sometimes requires removing the fastener and performing an 
eddy current check. Automatic scanning may be used to detect 
cracks as small as 0.013 cm (0.005 in.). Figure 12.3 illustrates an 
eddy current bolt hole probe. 
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Figure 12.2: Relative conductivity of metals and alloys shown 
by eddy current meter readings. Unified Numbering System 
(UNS) is used here for wrought aluminum alloys. 
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Figure 12.3: Eddy current hole probe. 
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Testing of Aircraft Structures 

Airlines and airframe manufacturers have used eddy current crack 
detection techniques since the early 1960s. Most of the eddy current 
equipment and procedures were designed to operate at high frequencies 
to detect very small surface cracks, Around 1973, damage tolerance 
studies determined that eddy current testing was more sensitive than 
radiography for detecting fatigue cracks. It then became desirable to use 
eddy current testing instead of radiography to detect subsurface cracks. 

Eddy current testing is a primary nondestructive test method for 
detecting cracks and corrosion of aircraft structure and engine 
hardware during maintenance overhaul. These tests are performed in 
accordance with procedures developed by the manufacturer. Such 
tests can be used to detect fatigue cracks resulting from cyclic 
loading during flight, take-off or landing. They can also be used to 
detect stress corrosion cracks to indicate the extent of corrosion 
damage or to identify portions of aircraft structures damaged by fire. 


Testing of Jet Engines 

Eddy current testing is a well-established technique for the 
detection of surface discontinuities in conductive test objects. The 
United States Air Force and other organizations have used 
automated eddy current testing to ensure that critical engine 
components are free of rejectable surface discontinuities. 

Eddy current tests of military aircraft engines can be categorized 
as manufacturing or depot tests. When aircraft engine components 
are initially produced, eddy current tests of the manufactured objects 
are often required by specification to ensure that the new engine 
components are free of undesirable material properties or machining 
discontinuities. Inservice parts similarly require depot tests at 
predetermined intervals to ensure that parts are free of small 
discontinuities in critical, predetermined zones. Manufacturing tests 
and depot tests are performed as preventive screening. 


SURFACE TESTS 


Surface tests are also conducted using eddy current techniques to 
detect cracking in a variety of components that are difficult to test 
with other surface methods. Components typically tested include 
turbine rotors, turbine blades, socket welds and stainless steel pipes 
susceptible to corrosion cracking of the outside surface. These 
applications typically require flat (pancake) coils or flexible array 
coils. The coils are usually operated in the absolute mode, in cither a 
cross wound or a transmit/receive configuration. 
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CHEMICAL AND PETROLEUM APPLICATIONS 


Heat exchanger tube testing is an important part of maintenance 
for the refining and petroleum industry. Heat exchangers and 
condensers are designed to keep products in the tubes separate from 
products in the vessel (Figure 12.4). A leaking tube could cause a 
significant impact on production and could also cause a catastrophic 
failure and loss of life. 

Bobbin probes are used to test for discontinuities in the material 
such as cracks, pitting or wall loss. They will disrupt the flow of 
eddy currents and thus be detected by the instrument. 


Figure 12.4; Cutaway image of typical heat exchanger, showing 
tube bundle. 
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ELECTRIC POWER APPLICATIONS 


Steam Generators 

The most common use of electromagnetic testing in the power 
industry is tube testing in heat exchangers. Tubes in a nuclear steam 
generator are important for safety because they carry the primary 
cooling water. Degradation of steam generator tubing results from 
corrosion and mechanical mechanisms: intergranular corrosion, stress 
corrosion cracking, thinning, impingement and fatigue. Most tubes are 
fabricated from iron nickel chromium and nickel chromium alloys. 

For electromagnetic testing, multi-frequency bobbin coil techniques 
are used to test the full length of the tubes, It is recognized that the 
bobbin coil is not qualified for all tube locations, so other techniques 
such as rotating coil technology and array probes are also used. 
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Balance-of-Plant Heat Exchangers 

In a nuclear power plant, heat exchangers that do not carry 
reactor-cooling water from the containment vessel are commonly 
referred to as balance-of-plant heat exchangers. Most of them have 
counterparts in fossil fuel plants and are tested with multi-frequency 
eddy current techniques in the differential and absolute modes using 
bobbin coil probes. Table 12.1 lists routinely inspected heat 
exchangers, potential damage mechanisms and the tubing material. 


Table 12.1: Heat exchanger materials and damage mechanisms. 


| Potential Damage 


| Heat Exchanger Tube Material Mechanisms 
| Feedwater heat exchanger carbon steel steam erosion 
| copper nickel alloy pitting 

stainless steel vibrational wear 


condensate grooving 
loose part damage 
circumferential cracking 
roll transition cracking 
axial cracking 


Generator stator cooling system alloy of 9096 copper and 10% inside surface pitting 
nickel 
| Generator hydrogen cooler aluminum brass inside surface pitting and 


outside surface damage 


Lubricating oil cooler admiralty brass inside surface pitting 


! Main condenser stainless steel copper nickel inside surface pitting and 


alloys; admiralty brass; vibrational wear 
| titanium 
| 


Industrial Air Conditioning Chillers Applications 

Cooling for large buildings and manufacturing processes is most 
commonly provided by centrifugal chillers. Condenser and 
evaporator tubing have fins on their outside diameters to increase 
heat transfer surface, as shown in Figures 12.5 and 12.6. 
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Figure 12.5: Typical centrifugal chiller. 
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Figure 12.6: Cross-section of sample heat exchange tube. 
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Material Sorting Related to Conductivity 

Identifying or separating materials by composition or structure is 
referred to as material sorting. Impedance values are established on 
reference known material, and then the readings obtained from test 
references are compared with the reading obtained from the test 
object. Eddy current can also be used to identify and control heat 
treatment conditions and evaluation of fire damage to metallic 
structures. 

This can also be accomplished by determining depths of case 
hardening of steels and some ferrous alloys. During age hardening 
of aluminum or titanium alloys, for example, the hardness and 
conductivity of the material change simultaneously so that the 
degree of hardening may be obtained by measuring the conductivity 
of the test object and comparing it with a standard of that material 
with a known hardness. 
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ELECTROMAGNETIC TESTING IN 
PRIMARY METALS INDUSTRIES 


Electromagnetic testing techniques find their application in all 
stages of forming, shaping and heat treating of metals and alloys, 
where the effectiveness of processing steps can be quickly evaluated. 
Materials damaged during processing can be detected and removed 
from production without incurring further processing costs. Thermal 
treatments such as annealing, normalizing, hardening and other heat 
treating processes can be directly monitored in many instances. 


Testing of Hot Rolled Bars 
There are several requirements for an effective bar testing 
system. 


High discontinuity sensitivity. 

Ability to classify bar quantity. 

Full automatic operation. 

Rugged construction for use in mills. 

The ability to test bars as received without special 
preparation. 


MWY — 


A rotating surface probe eddy current technique has been used for 
the testing of hot rolled bars. With this technique, the equipment 
rotates an eddy current probe around an advancing bar. The probe is 
held a preset minimum distance from the bar surface. The equipment 
maintains the selected level of test sensitivity regardless of changes 
in discontinuity signal amplitude caused by varying surface spacing 
from probe to bar. It marks only those discontinuities that exceed a 
preselected length and depth. Bars with discontinuities are 
automatically separated from discontinuity-free bars. 


Testing of Square Billets 

Eddy current testing can automatically inspect 100% of the 
surface of steel billets without the need of an operator’s judgement 
for interpreting test results. The system described here can detect 
seams, evaluate their severity and mark the location of those that 
exceed an acceptable depth. The key component is a scanning head 
assembly that keeps an eddy current probe in contact with, and 
tangent to, the billet surface at all locations around the periphery, 
including the corners. The machine is designed to test round 
cornered, square billets as they are rolled. This integration with the 
manufacturing process is an important step in the development of 
integrated automatic testing and conditioning systems. 
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Testing of Hot Steel Rods and Wires 

Surface discontinuity testing is essential in the quality assurance 
of iron and steel products. In many mills, quality control of hot 
rolled rods is provided through eddy current and flux leakage testing 
carried out after the rolling. shearing and cooling process. Wires 
and bars are usually coiled immediately after they are hot rolled. 
When discontinuity detection is performed on cold products, they 
must be uncoiled for testing. Eddy current testing using an 
encircling coil has been applied to hot rolling of bars. Steel mills use 
encircling coil eddy current systems to test hot wires. Generally, 
encircling coils are in the differential mode coil arrangement. This 
testing system can detect short discontinuities, such as scabs and roll 
marks, A diagram of a single-strand steel rod control system is 
shown in Figure 12.7. 


Figure 12.7: Diagram of single-strand steel rod control system, 
showing four stages: (1) signal acquisition; (2) data display; 
(3) data sorting; and (4) reporting. 
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Chapter 13 


Factors Affecting Flux Leakage Fields 


DEFECT GEOMETRY, LOCATION AND ORIENTATION 


The presence of a discontinuity causes a reduction in the cross- 
sectional area of the test object, thereby resulting in a local increase 
in the magnetic flux density. A reduction in the permeability, 
together with an increase in the magnetic flux density, causes the 
flux to leak into the surrounding medium. 

Magnetic leakage fields can be subdivided further into active or 
residual leakage fields, To understand the origin of the leakage fields 
and choice of initial magnetization for the active leakage field 
technique, consider an unmagnetized steel billet with a surface 
discontinuity, as shown in Figure 13.1a. 

Let A represent the cross-sectional area of the billet, and let a 
represent the cross-sectional area of the discontinuity. The cross- 
sectional area of the sound portion of the billet in the vicinity of the 
discontinuity is reduced to (A — a) units, as shown in Figure 13.1b. 

H is the magnitude component and so is the scalar quantity. Then 
place the billet in a uniform magnetic field H and represent the 
induced flux density in the sound portion of the billet by B; (Weber/ 
meter?). This magnetic flux density corresponds to a point P to the 
right of yy, on the permeability curve of the material, as illustrated 
in Figure 13.1c. 

Point Q is the corresponding point on the initial magnetization 
curve in Figure 13.1c. The magnetic flux density passing through the 
sound part of the billet is B; (Weber/meter?). If it is assumed that 
this same magnetic flux is to pass through the reduced billet area in 
the vicinity of the discontinuity, then the flux density present in this 
section is greater than B;A (A — a), namely B». This local increase of 
magnetic flux density results in a change of the operating point on 
the magnetization curve from Q to Q’ and the corresponding 
decrease of local permeability from P to P'. However, this results in 
conflicting demands in the vicinity of the discontinuity. 

The magnetic flux density must increase with the reduction of the 
cross-sectional area. This change drives permeability in the restricted 
region of the billet to a value of less than that present in the sound 
regions. Consequently, some of the flux leaks into the surrounding 
medium near the discontinuity, which is why this is called a leakage 
field (Figure 13.1d). The detection of this leakage field is the basis 
for magnetic flux leakage testing. 
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Figure 13.1: Billet with discontinuity: (a) view of billet; (b) cross-section through 
discontinuity; (c) magnetic characteristics of billet material; and (d) billet in magnetic 
field showing discontinuity leakage field. 
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Subsurface Discontinuities 

If a discontinuity is farther below the surface, the difficulty of 
detecting the magnetic leakage field is much greater. The reason for 
this difficulty is that the surrounding material tends to smooth out 
the field distortion caused by the subsurface discontinuity, thus 
resulting in a small field disturbance on the surface of the billet. 
Because most detectors used to monitor the magnetic leakage fields 
rely on a sharp change of field gradient to record the presence of the 
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field, it is naturally difficult to sense the location of subsurface 
discontinuities, as illustrated in Figure 13.2, 


Figure 13.2: Billet with subsurface discontinuity, showing 
resultant leakage field. 
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Degree of Initial Magnetization 

The initial operating point on the permeability characteristic of 
the material is very important. For example, if this point should lie 
to the left of Linar: as illustrated by the point 7 in Figure 10.1c, an 
area reduction caused by a discontinuity would drive the local 
permeability higher than the permeability of a material free of 
discontinuities. Thus, there is a possibility that the discontinuity may 
go undetected in these circumstances. Moreover, if the initial 
magnetization of the material should locate the operating point near 
saturation, then the difference between the magnetic flux density in 
the material and the leakage magnetic field in the surrounding 
medium decreases with the increasing discontinuity cross-sectional 
area. 

Therefore, the problem of quantitatively detecting the 
discontinuities is magnified because it becomes increasingly difficult 
to discriminate between the severities of the various heterogeneities. 
Also, because the degree of magnetization is so great, the surface 
roughness is casily mistaken for actual discontinuities and results in 
unwarranted rejection of the test objects. Thus, there exists an upper 
and lower limit of magnetization to which a test object should be 
subjected if the magnetic leakage field technique of nondestructive 
testing is to be successful. Magnetization of the test object lics on 
the linear part of the magnetization curve in such a way that the 
material permeability is maximum. 

Magnetization should not approach saturation but should have a 
value of flux density that locates the initial operating point of the 
material on the steepest part of the initial magnetization curve. If the 
degree of magnetization is too low, discontinuities may go unnoticed 
and, if the magnetization level is too high, a lack of discontinuity 
discrimination may result in false indications. 
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Selection of Magnetization Method 


INTRODUCTION 


Successful testing requires the test object to be magnetized 
properly. This can be accomplished using one of several approaches. 


1. Permanent magnet. 
2. Electromagnets. 
3. Magnetizing coils 


Permanent Magnets 

Excitation systems that use permanent magnets offer the least 
flexibility. Such systems use high-energy permanent magnet materials 
such as neodymium iron boron, samarium cobalt and aluminum nickel. 

The major disadvantage with such systems lies in the fact that the 
excitation cannot be switched off. Due to the fact that magnetization 
is always turned on, it is difficult to insert and remove the test object 
from the test instrument. Although the magnetization level can be 
adjusted using appropriate magnetic shunts, it is awkward to do so. 
Consequently, permanent magnets are very rarely used for 
magnetization, except in the case of in-line inspection tools (called 
smart pigs). 


Electromagnets 

Electromagnets are used extensively to magnctize test objects. 
Figure 14.1 shows an excitation system where the test object is part 
of a magnetic circuit energized by current passing through an 
excitation coil. 


Figure 14.1: Electromagnetic yoke for magnetizing of test object. 
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The magnetic circuit passes through a yoke made of soft 
magnetic material and through a test object placed between the poles 
of the yokc. When the coil wound on the yoke carries current, the 
resulting magnetic force drives magnetic flux through the yoke and 
the test object. The total magnetic flux E (weber) is given by: 

Eq. 14.1 ¢ . M 


S 


where / is current in (ampere) in the coil, N is the number of turns in 
the coil and S is the reluctance (ampere per weber) of the magnetic 
circuit. 

To obtain maximum sensitivity, it is necessary to ensure that the 
magnetic flux 1s perpendicular to the discontinuity. Becausc thc 
orientation of the discontinuity is unknown, it is necessary to test 
twice with the yoke, in two directions perpendicular to each other. 


Magnetizing Coils 

A commonly used encircling coil is shown in Figure 14.2. Thc 
field direction follows the right hand rule. The right hand rule states 
that if someone grips a rod, holds it and imagines an electric current 
flowing with the thumb, the induced circular field in the rod would 
flow in the direction that the fingers point. 


Figure 14.2: Encircling coil using direct current to produce 
magnetizing force. 
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Introduction of the test object into the field of the coil changes 
the field. The metal becomes part of the magnetic circuit, with the 
result that close to the surface of the test object magnetic field 
intensity H is lower than it would be if the test object were removed. 
A Hall element tesla meter will show the field intensity at the test 
object is not the same. 


Testing in Residual Field 

Test objects are first passed through the coil field and then tested 
in the resulting residual field. Elongating the coil and placing the 
test object next to the inside surface of the coil will expose the test 
object to the largest field that the coil can produce. 

This technique is often used in magnetic particle testing. The 
main problem to avoid is the induction of so much magnetic flux in 
the test object that the magnetic particles stand out like fur along the 
field lines that enter and leave the test object, especially close to its 
ends. 

The technician should experiment to optimize the coil field 
requirements for the test object because this field depends on the test 
object geometry. 


MAGNETIZING BY DIRECT CURRENT 


If an electric current is used to magnetize the test object, it may 
be more advantageous to orient the direction of current in a manner 
where the presence of a discontinuity impedes the current flow as 
much as possible. Bars, billets and tubes are often magnetized by 
applying direct current to their ends, as shown in Figure 14.3. Other 
methods of magnetizing using direct current includes passing the 
current directly through a tubular test object to magnetize the test 
object circularly, as illustrated in Figure 14.4. 


Figure 14.3: Circumferential Figure 14.4: Current carrying clamp 
magnetization by application of direct electrodes used for testing ferromagnetic 
current: (a) rectilinear bar; (b) round bar; tubular objects with small diameters. 
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Figure 14.5 shows a central conductor energized by a current 
source (7), again to establish a circular magnetic field intensity H 
(ampere per meter) in a tubular test object: 


Eq.142 y- 
2ra 


where / is the current in (amperes) and a is the area (square meters). 


Figure 14.5: Central conductor using direct current to produce 
magnetizing force. 


Current source 
Legend 


H = magnetic field intensity 
I = electric current 
r = tube radius 


MAGNITUDES OF MAGNETIC FLUX LEAKAGE FIELDS 


The magnitude of the magnetic flux leakage field under active 
direct current excitation naturally depends on the applied field. 
However, in the case of residual magnetization, the magnetic flux 
leakage fields may be only a few hundred micro-tesla (a few gauss). 
Furthermore, with residual field excitation, an interesting field 
reversal may occur depending on the value of the initial active field 
excitation and the dimensions of the discontinuity. 
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Chapter 15 


Flux Leakage Applications 


INTRODUCTION 


Magnetic flux leakage testing is a commonly used technique. 
Signals from probes or sensors are processed electronically and 
presented in a manner that indicates the presence of discontinuities. 
Although some techniques of magnetic flux leakage testing may not 
be as sophisticated as others, it is probable that more ferromagnetic 
material is tested with magnetic flux leakage than with any other 
technique. 


Heat Exchanger Tubing Applications 

Magnetic flux leakage testing is based on the influence of 
discontinuities on a magnetic ficld. The technique is limited to 
ferromagnetic material. The magnetic flux leakage probe consists of 
a magnet with two types of magnetic pickups: coil and Hall element. 
The coil picks up the flux rate of change, whereas the Hall effect 
detector picks up absolute flux. The coil detects small discontinuities 
that cause perturbations in the flux. Magnetic flux leakage coils are 
more sensitive to sharp discontinuities than to gradual wall loss. In 
fact, the coils can totally miss long areas of wall loss if the changes 
in wall thickness are gradual. A Hall effect detector is therefore used 
to detect gradual wall loss. Figure 15.1 shows a probe configuration 
for flux lcakage testing. 


Figure 15.1: Bobbin coil probes for magnetic flux leakage 
testing. 
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Hall effect detectors measure the absolute flux and can be used 
for sizing wall loss, not pits. But the output of the Hall effect 
detector depends on the orientation of the sensor in the probe 
relative to the discontinuity and whether the location of the 
discontinuity is on the inside or outside surface. Inside surface 
discontinuitics produce larger signals than outside surface 
discontinuities because the field strength on the inside surface is 
higher than on the outside surface. 


Wire Rope Inspection 

Because the reliability of wire ropes is crucial for the safety of 
many mining, oil industry, crane and ski lift operations, concern with 
their integrity is a constant preoccupation of users and safety 
authorities. Effective procedures, combined with a good 
understanding of degradation mechanisms and discard criteria, can 
notably increase wire rope safety. 

For example, advanced electromagnetic wire rope test equipment 
of the magnetic flux leakage type has been developed since the 
1960s. These instruments provide an important, and in many cases 
indispensable, clement of wire rope testing. Such ropes are used in 
the construction, marine and oil production industries, mining 
applications, elevators and bridge cables. 

Testing is performed to determine cross-sectional loss caused by 
corrosion and wear, and to detect internal and external broken wires. 
The type of flux loop used (electromagnet or permanent magnet) can 
depend on the accessibility of the rope. Permanent magnets might be 
used where taking power to an electromagnet might cause safety 
problems. 

The cross-sectional area of the rope can be measured by sensing 
changes in the magnetic flux loop that occur when the rope gets 
thinner. The air gap becomes larger, so the value of the field 
intensity falls. This change can be easily sensed by placing Hall 
effect probes anywhere within the magnetic circuit. 

Modern dual-function electromagnetic rope testers (shown in 
Figure 15.2) allow simultaneous tests for loss of metallic cross- 
sectional area and localized discontinuities. For this tester, strong 
permanent magnets induce a magnetic flux at the saturation level in 
the rope in the axial (longitudinal) direction. Various types of 
sensors close to the rope (such as coils, Hall sensors or flux gate 
Sensors) sense and measure the magnetic flux. Any discontinuity, 
such as broken wire or corrosion pitting, distorts thc magnetic flux 
in the rope and causes it to leak from the rope. For localized 
discontinuity tests, the radial component of the leakage flux is 
measured by radial sensors. 
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Figure 15.2: Electromagnetic testing of mooring rope. 
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Round Bars and Tubes 

In some test systems. round bars and tubes are magnctized by an 
alternating current magnet and rotated under the magnet poles. 
Because the flux leakage from surface discontinuities is very weak 
and confined to a small arca, the probes must be very sensitive and 
small. The system uses a differential pair of magnetodiodes to sense 
leakage flux from the discontinuity. 

The differential output of these twin probes is amplified to 
separate the leakage flux from the background flux. In this system, 
pipes are fed spirally under the scanning stations to increase the test 
rate. In one similar system, round billets are rotated by a set of 
rollers while the billet surface is scanned by a transducer array 
moving straight along the billet axis. Seamless pipes and tubes are 
made from the round billets. 


Petroleum and Gas Pipelines 

Pipelines connect field production (gas and oil extraction) with 
refineries and petrochemical plants where gas and crude petroleum 
are processed into usable products. Because pipelines cross state 
lines in the United States, they are governed by the Department of 
Transportation. The construction, maintenance and testing of these 
pipelines are critical to the safety of the environment and the general 
public. Buried pipelines not only have the potential for catastrophic 
failure but could contaminate water sources if leakage occurs. 

Flux leakage testing can be applied to detecting cracks and 
corrosion pits in the walls of underground pipelines. In pipe factories 
cracks and hairline cracks, 0.015 cm (0.006 in.) deep on the outside 
diameter and 0.03 cm (0.012 in.) deep on the inside diameter, are 
satisfactorily detected by magnetic flux leakage methods for wall 
thicknesses up to 0.8 cm (0,315 in.). Based on pipelines past failures, 
the discontinuities that caused these failures are much larger, and thus 
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can be detected more easily in principle. However, the technological 
difficulties to be overcome are often great. 

For example, the entire testing device must be transported inside the 
pipe for long distances. Magnetizing conditions close to saturation 
must be achieved to reveal outside diameter discontinuities with inside 
diameter probes, requiring very power efficient magnetizing systems. 
The entire pipeline must be tested with only one pass of the probes and 
associated magnetizing device. Recording systems must be capable of 
giving definitive positional information. 

For the pipeline inspection tool, a recorder package is added and 
the signals from discontinuities are recorded. When the recordings 
are retrieved and played back, the areas of damage are located. Pipe 
welds provide convenient magnetic markers. 

Smart pigs are test vehicles that are pushed through the pipeline 
by product flow (Figure 15.3). The technique got its name from the 
sound of the original scraper pig moving through the pipe. At the 
end of the line or run, the pig is retrieved and the on-board data are 
then processed and analyzed. The pigs are similar to the magnetic 
flux leakage probes used in tube testing, but pigs are constructed to 
be propelled down pipelines and collect the required test data. 


Figure 15.3: Equipment for magnetic flux leakage testing of pipes and tubes: (a) pig tool; 
and (b) data acquisition from pig sensors. 
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A relatively common problem with square billets is elongated 
surface breaking cracks. By magnetizing the billet circumferentially, 
magnetic flux leakage testing can be performed to detect such 
defects. 

Magnetic flux leakage systems for testing tubes exhibit the same 
general ability to classify defect depth. It is generally accepted that 
even with the lack of correlation between some of the instrument 
readings and the actual discontinuity depths, the automatic readout 
of these two systems still represents an improvement over visual or 
magnetic particle testing. 
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Installed Heat Exchanger and Boiler Tubes 

Flux leakage testing is widely used to test installed ferromagnetic 
heat exchanger and boiler tubes. The flux leakage probe consists of a 
magnet and two inductive coil sensors. The magnets set up a flux 
field in the tube wall as it passes through the tube. The field 
fluctuates when it encounters a discontinuity. The flux rate 
fluctuation effect is picked up by the coils and displayed on the 
display apparatus and chart recorder, 

A Hall effect sensor is also used in this application to detect 
abrupt defects and gradual wall loss. The output of the Hall effect 
detector depends on the orientation of the sensor in the probe 
relative to the discontinuity, and whether the location of the 
discontinuity is on the inside or outside tube surface. 

It should be noted that the output of the magnetic flux leakage 
coil is related to the change of flux caused by the discontinuity but 
not directly to flaw depth. Tubes up to 8.9 cm (3.5 in.) in diameter 
and 0.03 cm (0.012 in.) wall thickness can be tested. 


Above-Ground Storage Tank Floors 

Tank floors of above-ground storage tanks (shown in Figure 15.4) 
are subject to corrosion where they touch the ground. 

Magnetic flux leakage testing has been widely used in the oil 
field industry for over 25 years for the examination of pipe, tubing 
and casting, both new and used. It is only in the past ten years that 
this testing technique has been applied to above ground storage tank 
floors in an attempt to provide a reliable indication of the overall 
floor condition within an economical time frame. For the purpose of 
this application, a magnetic bridge is used to introduce as near a 
saturation of flux as is possible in the test material between the 
magnetic poles. Any significant reduction in the thickness of the 
plate will result in some of the magnetic flux being forced into the 
air around the area of reduction. Flux leakage sensors that can detect 
these flux leakages are placed between the poles (see Figure 15.5a). 


Figure 15.4: Above-ground storage tank for petroleum 
products. 
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It is important that magnetic flux leakage equipment produced for 
this particular application be designed to handle the environmental 
and practical problems always present. Figure 15.5b shows a mobile 
floor scanning unit. 

Powerful rare earth magnets are ideally suited for this 
application. They are more than capable of introducing the required 
flux levels into the material under test. Electromagnets by 
comparison are excessively bulky and heavy. They do have an 
advantage in that the magnetic flux levels can be easily adjusted and 
turned off if necessary for cleaning purposes. Hall effect and coil 
sensors can be used in this application; however, it was 
demonstrated that coil sensors are more sensitive, stable and reliable. 
Hall effect sensors are proven to be too sensitive when surface 
conditions are less than perfect, which results in an unreliable test. 

Magnetic flux leakage in this application cannot differentiate 
between the response from top side and bottom side indications. 
Contrary to what is expected, the flux leakage response from a top 
side indication is significantly lower in amplitude than that from an 
equivalent bottom side indication. Magnetic flux leakage is a 
qualitative, not quantitative, testing tool and is a reliable detector of 
corrosion on tank floors. 


Figure 15.5: Magnetic flux leakage test: (a) schematic of bridge; and (b) tank floor scanner 
incorporating magnetic flux leakage test bridge. 
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Chapter 16 
Remote Field Testing 


HISTORY 


The remote field effect was first noted in 1940s and was patented 
by W.R. Maclean in 1951. In the late 1950s, Thomas R. Schmidt 
independently rediscovered the technique while developing a tool 
for testing oil well casings. Schmidt spearheaded the development of 
the technique and named it remote field eddy current testing. The 
technique used by the industry is now referred to as remote field 
testing. Several test equipment manufacturers recognized the value 
of this nondestructive electromagnetic technique for the testing of 
ferrous heat exchanger tubes and began manufacturing remote field 
test instruments starting in 1985. 

Developments since 1990 include the testing of flat plates and 
steel pipes using external probes that use a technique similar to 
remote field testing. Modem instruments use computers to display 
and store data, and morc advanced systems also have automated 
signal analysis. 


INSTRUMENTATION 


The typical remote field testing instruments contains four major 
components. 


1. An oscillator is used as the signal source for the exciter coil 
and as a reference for the detector signal. 

2. A power amplifier increases the power level from the 
oscillator signal so that it can be used to drive the exciter coil. 

3. The phase and amplitude detector measures the detector coil 
signal. 

4. A computer based storage device processes and stores the 
data. 


Figure 16.1 shows how the different electronic components 
interact. 
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Figure 16.1: Electronic components of remote field test system. 
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Probe Configuration 

Figure 16.2 shows the configuration of a basic remote field eddy 
current probe. There is one exciter coil and one receiving (detector 
coil). Both coils are wound coaxially with respect to the tested tube 
and are separated by a distance greater than twice the tube diameter. If 
the exciter and receiver were to be placed close together, the detector 
would measure only the field gencrated by the exciter in ils vicinity. 


Figure 16.2: Simple probe for remote field testing. 


K Energy flow 
PODA, 


Probe/ — > 
lead Exciter coil 


Corrosion 


To observe remote field testing’s unique through-wall 
transmission effect, the detector needs to be moved away from the 
exciter. The detector measures the electromagnetic field remote from 
the exciter. Although the fill factor of the coils can be as low as 70% 
it will usually be similar to the fill factor for eddy current probes at 
80% or more. A lower fill factor reduces sensitivity to small 
discontinuities but does not affect the quality of remote field testing 
data. The ability to function with low fill factor makes remote field 
testing attractive for pipes with internal coating and tight bends. 


Effects of Probe Speed 

The ability of remote field testing to detect and quantify 
discontinuities relies on the quality of the signal received. The probe 
must be in the vicinity of the discontinuity for at least one excitation 
cycle in order to detect it. The probe pull speed should be slow 
enough so that the digital sample rate allows the field profile near 
the probe to be accurately recorded. It is equally important that the 
speed of testing be as constant as possible, Sudden changes in speed 
can result in anomalous signals. 
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Frequency Selection 

Remote field testing operates at relatively low frequencies 
typically ranging from 40 to 500 Hz. In general, a lower frequency 
(up to 250 Hz) is used for thick walled and high permeability pipe. 
For higher sensitivity and high test speeds, a higher frequency is 
used. The frequency is chosen as high as possible while minimizing 
noise and remaining in the remote field zone. It is important to 
check for the presence of any electromagnetic noise sources such as 
welders, clectric motors and pumps that tend to generate noise in the 
frequency range of remote field testing. 


FEATURES OF REMOTE FIELD TESTING 


Applications 

Remote field testing can be used for all conventional carbon steel 
material specifications, diameters and wall thicknesses. The test 
speed can be up to 60 ft per minute depending on wall thickness and 
test frequency. Remote field testing is a noncontact technique. The 
probes have minimal friction with the tube or pipe wall and require 
no couplant. 


Sensitivity 

The accuracy for remote field testing in the straight part of tubes 
is about 5% of wall thickness for general wall loss. The accuracy is 
less (20% of wall) for highly localized discontinuities and in bends 
or near external conducting objects because of the changes in 
magnetic propertics of the tube in the bend area and due to shielding 
effects of external objects. 

Remote field testing can detect both inside and outside surface 
discontinuities with equal sensitivity, but in most cases cannot 
differentiate between them without using near ficld coils. Remote 
field testing is insensitive to scale and nonmagnetic debris. Internal 
and external magnetic deposits do affect the signal to a small degree. 

A large fill factor is not required for remote field testing, and 
centralization is not as critical as with other nondestructive testing 
techniques for similar applications. 


Signal Analysis and Data Presentation 

Remote field test data are recorded in computer memory or hard 
drive. Phase amplitude diagrams (voltage planes) are displayed 
during the test on instrument monitors in real time. 

The raw data from the detector are stored either in phase 
amplitude format or as in phase and quadrature components. The 
data can be recalled for display, analysis and final report preparation. 

Figure 16.3 chart (a) shows phase and log amplitude signals for 
an absolute coil. Chart (b) indicates x-y voltage signals; chart (c) 
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shows phase and log amplitude from a differential coil and chart (d) 
shows the mixed frequency signals. 


Figure 16.3: Strip chart recordings: (a) phase and log amplitude 
signals for absolute probe; (b) x,y voltage signals; (c) differential 
signals; and (d) mixed frequency signals. 


(a) (b) 


fr 


mn) 


UA T 


The voltage plane and x-y displays provide maps of the detector 
coil output in polar coordinates. On polar displays, signals are drawn 
as vector points with the angle representing the phase and the radius 
representing the amplitude, Remote field testing signals on the 
voltage plane or x-y display are scaled and rotated to a convenient 
position for final viewing. 

Figure 16.4 shows a typical phase amplitude diagram; voltage 
plane recording, while Figure 16.5 shows a phase amplitude 
diagram: x-y plane recording. 
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Figure 16.4: Phase amplitude diagram: voltage plane recording. 
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By observing the signal shape, phase angle and relative size on 
the voltage plane, many discontinuities can be characterized and 
sized for depth and circumferential extent. The axial length of a 
discontinuity can also be measured by recording the data on a strip 
chart as the probe is pulled through the tube. 

All remote ficld test instruments display the data as strip charts 
and voltage planes. In addition, some instruments have automatic 
depth sizing and reporting software. 


REFERENCE STANDARDS 


All nondestructive testing methods use reference standards to 
compare discontinuity signals with those from known machined or 
artificial discontinuities. 

Remote ficld testing requires reference standards for each 
variation in tube diameter, wall thickness, conductivity and 
permeability. Reference discontinuities must be machined to closely 
simulate the discontinuities expected in the tube or pipe being 
examined. ASTM E-2096-00 lists two recommended standards that 
can be used for remote field testing. 


Chapter 17 


Alternating Current Field 
Measurement 
HISTORY 


In the 1980s there were moves to develop nondestructive testing 
techniques for detecting and sizing fatigue cracks underwater in 
welded offshore structures. The development focused on two 
existing techniques: eddy current testing for detection and 
alternating current potential drop testing for sizing. 

The alternating current field measurement technique was 
developed out of work on the potential drop techniques. Potential 
drop test applications in the 1980s tended to use direct current rather 
than alternating current. 

Work in potential drop testing in the early 1990s studied the 
surface electric fields to describe the associated magnetic fields. As 
with alternating current potential drop testing, field measurement 
made it possible to estimate crack depths without calibration. As it 
turned out, making a noncontacting technique from alternating 
current potential drop meant that the probe could be scanned along a 
weld very easily. Thus, although alternating current field 
measurement was developed for noncontact sizing, it was also useful 
for discontinuity detection. 


PRINCIPLE OF OPERATION 


The alternating current ficld measurement technique involves 
inducing a locally uniform current into a test object and measuring 
the magnetic flux density above the test object surface. The presence 
of a surface discontinuity perturbs the induced current and the 
magnetic flux density. 

The method uses an instrument and a hand-held probe containing 
a uniform ficld induction system and two magnetic field sensors. 
Software on the external personal computer is used to control the 
instrument and to display and analyze the data. 

The required locally uniform magnetic field is induced using one 
or more horizontal axis solenoids, with or without a yoke. The 
direction of this electric field E, as shown in Figure 17.1 is 
designated as the Y axis and the direction of the associated uniform 
magnetic density B (at right angles to the electric ficld and parallel 
to the test surface) is designated as the X axis. The Z axis is then the 
direction normal to the surface. 
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Figure 17.1: Coordinates conventionally used in alternating 
current field measurement. 
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Figure 17.2 shows the effect of a surface breaking discontinuity on 
the magnetic field. The presence of a discontinuity diverts current 
away from the deepest parts and concentrates it near the ends of a 
crack. 


Figure 17.2: Effect of surface breaking discontinuity on 
magnetic field. 
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Amplitudes of components of the magnetic flux density are used 
to minimize variations caused by material properties and instrument 
calibration. These relative amplitudes are compared with values in 
sizing tables produced from a mathematical model to estimate 
discontinuity sizes without the need for calibration using artificial 
discontinuities such as slots, notches, holes, etc. 

The sizing tables have been produced by repeated running of the 
model for semi-elliptical cracks in a wide range of different lengths 
and depths. The model is called the forward problem for which the 
discontinuity size is known and the signals are then predicted. 


Probe Configuration 

Figure 17.3 shows components arranged in a typical alternating 
current field measurement test. The exact parameters used in a probe 
vary according to the application. The larger dimensions are used 
where possible because they give the most uniform field and allow 
the two sensors to be wound concentrically, which gives clear 
symmetric loops in the butterfly plot. In probes designed for tight 
access applications or for higher sensitivity, the smaller dimensions 
are used. 


Figure 17.3: Typical alternating current field measurement 
probe layout. 
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ADVANTAGES AND DISADVANTAGES 


The alternating current field measurement technique uses a 
uniform input field to allow comparison of signal intensities with 
theoretical predictions. A uniform field has advantages and 
disadvantages compared with conventional eddy currents. 
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Advantages 
The main advantages include the following. 


1. The ability to test through coatings several millimeters (0.25 
to 0.5 cm [0.1 to 0.2 in.]) thick. 

2. The ability to obtain depth information on cracks up to 
2.5 cm (1 in.) deep. 

3. Easy testing at material boundaries, such as welds. 


Disadvantages 
The main disadvantages include the following. 


1. Lower sensitivity to smaller discontinuities. This reduction in 
sensitivity is of little consequence on welded or rough 
surfaces where sensitivity would be reduced anyway. On 
smooth, clean surfaces however, alternating current field 
measurement is less sensitive to short or shallow 
discontinuities than conventional eddy current, 

Geometry changes such as plate edges and corners can 

produce signals that may confuse the technician, even though 

these signals do not have the same form as a signal from a 

discontinuity. 

3. Discontinuity’s orientation relative to probe. The signals 
obtained from a discontinuity depend on the orientation of the 
discontinuity. The uniform field theoretical model would 
suggest that no signal be produced when a probe scans across 
a transverse discontinuity, because the current flow is then 
parallel to the discontinuity and would not be perturbed. 


N 


ALTERNATING CURRENT FIELD 


MEASUREMENT INDICATIONS 


Fatigue Cracks 

Alternating current field measurement was designed for the 
detection and sizing of fatigue cracks, Fatigue cracks arc generally 
surface breaking discontinuities that tend to grow at defined stress 
concentration, and are well suited for the lincar scanning path of 
alternating current field measurements probes. Fatigue cracks also tend 
to grow in a semi-elliptical shape and at right angles to the surface. 


Stress Corrosion Cracking 

Stress corrosion cracking can take the form of a series of parallel 
cracks acting as a colony. The detection of stress corrosion cracking 
by alternating current field measurement is reliable, and depth 
values obtained by treating isolated clusters as single discontinuities 
agree reasonably well with the typical discontinuity depth. 
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Hydrogen Induced Cracking 

Alternating current field measurement techniques have also been 
used to detect sulfide stress concentration cracking, hydrogen 
induced cracking, hydrogen sulfide cracking and stress oriented 
hydrogen induced cracking in the base metal adjacent to the heat 
affected zone. 


Fatigue Cracks in Rail Heads 

Non semi-elliptical discontinuities occur also in railroad rails. 
Head checking (also called gage corner cracking) is cracking that 
initially grows into the top surface of a rail at a highly inclined 
angle. As they grow below a certain depth, they turn to a steeper 
angle but also start to grow sideways, so their length is greater 
beneath the surface. Alternating current field measurement can be 
used to detect this type of cracking. 


Corrosion Pitting 

The nondirectional currents used in alternating current field 
measurement are most strongly perturbed by planar discontinuities. 
However, surface corrosion pitting also perturbs current flow to 
some extent and can also be detected. The degree of current 
perturbation is much lower than for a crack of the same depth and 
length, so on initial scan a corrosion pit looks like a shallow crack. 
However, the distinguishing feature of a pit is that unlike a crack, it 
will produce the same signal regardless of the orientation of the 
interrogating current. 
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Chapter 18 


Electromagnetic Testing Standards and Procedures 


INTRODUCTION 


Procedures, specifications and standards are produced to provide 
a means of controlling product or services quality. Written 
instructions that can be used as guidance to companies or individuals 
to a desired end result and are acceptable to industry are the basis of 
standards, specifications and procedures. 


CALIBRATION STANDARDS 


An important requirement for successful electromagnetic testing 
is the use of an accurate reference standard for equipment 
calibration. The reference standard is used to adjust the 
electromagnetic equipment's sensitivity to various test object 
parameters (cracks, surface roughness, conductivity/permeability 
variations and other material conditions). 

Success in electromagnetic testing depends on the proper use of 
available reference standards. The development and use of eddy 
current reference standards requires a thorough understanding of the 
test to be performed. Reference standard considerations should include: 


The material tested. 

Size and shape. 

Discontinuities of interest. 

Means of producing artificial discontinuities. 

Non-relevant indications that might be encountered, such as 
material property variations. 

Instrument capabilities and limitations. 

Criteria for relevant indication. 


HN 


In view of many types of artificial discontinuities that can be 
produced, an understanding of their relationship to the 
discontinuities of interest is critical. For example, if transverse 
discontinuities in a tube are of interest, it might seem obvious to use 
a transverse notch. However, that notch could be either straight, 
which is much easier to fabricate, or curved to match the radius of 
the tube. Figure 18.1 illustrates this configuration. 

Another similar case is that of cracks in a fastener hole, which 
can be simulated by several notches, as shown in Figure 18.2, all of 
which produce different signals. 
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Figure 18.1: Transverse notches in tube: (a) straight; and (b) curved. 
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ligure 18.2: Notches to simulate cracks as might be found in 
fastener holes. 
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REFERENCE STANDARDS 


Conductivity Reference Standards 

In eddy current testing, frequent use is made of measurements of 
conductivity based on the International Annealed Copper Standard 
(IACS). Two standard metal blocks are supplied with conductivity 
measuring instruments. One block represents a high level of 
conductivity, while the other represents a low level of conductivity. 
The percentage value in IACS is stamped on the blocks, as 
illustrated in Figure 18.3. 


Figure 18.3: Conductivity standards. 
101.0% 


High 
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Conductivity reference standards should be tested with a 
relatively small coil to determine the uniformity of electrical 
conductivity over the surface of the standard. Both the front and the 
back surface should be tested for conductivity differences. 


Coating Thickness Reference Standards 
Coating thickness calibration reference standards of uniform 
thickness are available in two types. 


1. Foils or shims of known thicknesses laid on an appropriate 
substrate, 

2. Actual coatings affixed to prepared substrates as supplied or 
recommended by the instrument manufacturer or 
standardizing organization (Table 18.1). 


Table 18.1: Standard reference materials from National 
Institute of Standards and Technology for calibration of 
instruments used in measurement of organic and nonmagnetic 
inorganic coatings over steel. Each 4.5 x 4.5 cm (1.8 x 1.8 in.) 
block consists of fine grained copper electrodeposited on low 
carbon steel substrate. 


Material Coating Thickness 


Au ym (in. x 10°3) 
80, 255, 1000 (3.1, 9.8, 39) 

48, 140, 505, 800 (2:0,5,5,.20,.32) 
6, 12, 25, 48 (0.2, 0.5, 1.0, 2.0) 
40, 80, 140, 205 (1.6, 3.1, 5.5, 7.9) 
255, 385, 505, 635 (9.8, 16, 20, 26) 
800,1000,1525,1935 . (32, 39,59, 79) 


Discontinuity Reference Standards 

A discontinuity reference standard should duplicate the test 
situation for material type and geometry and, in addition, include 
discontinuities that establish the maximum discontinuity that is 
acceptable and also establish the sensitivity of the test system. 
Discontinuity reference standards fall under two types: natural 
discontinuity reference standards and artificial discontinuity 
reference standards. 


Natural Discontinuity Reference Standards 
Natural discontinuity standards consist of duplicates of the test 
piece configuration that contain natural discontinuities of a known 
size and shape. At least one of the discontinuities should be at the 
limit of acceptability. Natural discontinuities can be developed or 
accumulated. For example, cracks can be developed by submitting a 
material to cyclic stresses until a natural fatigue crack is generated. 
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This can then be machined to produce a surface or hole crack of 
know depth. Figure 18.4 illustrates an example of how a natural 
fatigue crack is developed. 


Figure 18.4: Developing a natural fatigue crack. 
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Artificial Discontinuity Reference Standards 

Artificial discontinuities may be machined into a duplicate of the 
test object configuration. Several samples may have to be run 
through the test system to find one that does not produce any 
appreciable indications of natural discontinuities from the test piece 
prior to machining. Standard reference discontinuities that are 
pertinent to the required specification are then fabricated into the 
sample. 

Types of standard reference discontinuities that can be used to 
simulate test object discontinuities include longitudinal notches, 
circumferential notches, drilled holes, flat bottom holes, diameter 
steps and geometry variations. 

When external comparison techniques are used, the reference 
standard must be free of discontinuities. The standard must be 
representative of imperfections that may be found in the test object. 


Lift-Off Reference Standards 

Lift-off reference standards are easily constructed by the 
application of known thicknesses of a nonconductive material to a 
sample of the test object. Paper, polyethylene terephthalate and 
cellophane are examples of nonconductive materials often used. 
When it is required to measure the thickness of nonconductive 
coating, the standard does not have to be coated with the same 
nonconductive coating material since, to eddy current testing, one 
nonconductive coating is exactly like any other. The firm 


requirement is that the thickness of the coating used on the standard 
be known. 

If measuring thickness of a nonconductive coating over a 
conductive test object, lift-off standards need to be constructed that 
represent both the maximum and the minimum acceptable standard. 


Sorting Reference Standards 

When sorting with the absolute encircling coil technique, a 
known acceptable calibration standard and a known unacceptable 
standard are required. When using the comparative encircling coil 
technique, usually two known acceptable specimens of the test 
object and one unknown unacceptable specimen are required. For a 
three-way sort, it is best to have three calibration reference 
standards, including either two for the high and low limits of 
acceptability for one group or one each for two unacceptable groups. 
The third reference standard represents the acceptable lot of 
material. 

Although electromagnetic sorters can be useful for limited 
applications, sorting steels is better done via spectroscopic 
equipment. A change in product diameter, for example, can simulate 
a change in composition to electromagnetic sorters. 


Figure 13.5: Types of reference standards; (a) notched tubes; (b) calibration block; and 
(c) block with graduated holes. 
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STANDARDS AND SPECIFICATIONS 


In nondestructive testing, a specification is often written by a 
commercial organization, usually one of the primary parties in the 
purchasing agrcement. A specification is product specific and may 
be considered a tailored form of a standard. A specification can 
require more stringent limits than a related standard's limit. In 
practice, a specification provides a clearly organized list of testing 
parameters (a specially written procedure) that describes the 
technique for locating and categorizing discontinuities in a specific 
test object. A typical specification includes acceptance criteria and is 
required by the designer, buyer, manufacturer and users of the test 
object it covers. 

For electromagnetic testing, the term procedure refers to a set of 
brief generalized guidelines that show the technician how to perform 
an accurate test for a given contract. A procedure often includes 
details about the in house setup. Specifications are written to 
eliminate the variable characteristics of human operators and system 
designs, to produce an accurate result regardless of who is 
performing the electromagnetic test. Specifications must be written 
with full knowledge of the electromagnetic test technique, its 
sensitivity, test object design, and its material characteristics. In 
addition to knowledge of discontinuities critical to the test object's 
service life. 

Testing specifications are working documents that instruct how to 
locate discontinuities in a specific test object. Specifications are in 
regular need of review and revision. 


Standards and Industry Specifications 

Procedures, specifications and standards are produced to provide 
a means of controlling product or services quality. Written 
instructions that guide a company or individual to a desired end 
result and are acceptable to the industry are the basis of procedures, 
specifications and standards. 

Several publications are available to guide or instruct. Some of 
the most frequently used references include the following. 


The American Society for Testing Materials (ASTM) 

The American Society for Testing Materials (ASTM) publishes 
several standards pertaining to the electromagnetic testing 
techniques. These standards are numbered, for example £268-81, 
£268 refers to the standard, and 8/ refers to the year of origin or the 
last revision. 

The following list includes some ASTM standards that pertain to 
electromagnetic techniques. 


1. &309-77: Eddy Current Examination of steel Tubular 
Products using Magnetic Saturation. 
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E426-76 (1981): Electromagnetic (Eddy Current) testing of 

seamless and welded and welded Tubular Products, Austenitic 

Stainless Steel and Similar Alloys. 

3. E703-70: Electromagnetic (Eddy Current) Sorting of 
Nonferrous Metals. 

4.  E566-82: Electromagnetic (Eddy Current) Sorting of Ferrous 
Metals. 

5. E376-69 (1979): Measuring Coating Thickness by Magnetic 
Field or Eddy Current (Electromagnetic) Test Methods. 

6. E370-69: Flux Leakage Examination of Ferromagnetic Steel 

Products. 


American Society of Mechanical Engineers (ASME) 

In 1911 the American Society of Mechanical Engineers (ASME) 
set up a committee to establish rules for safety for design, 
fabrication and testing of boilers and pressure vessels. Theses rules 
have become known throughout industry as ASME code. 

The ASME Boiler and Pressure Vessel Code is divided into 
eleven sections. ASME Section V is Nondestructive Examination. 
Section V is divided into two subsections. A and B. Subsection A 
deals with nondestructive methods of examination. Article 8 is Eddy 
Current Examination of Tubular Products. Subsection B contains 
documents adopted by Section V. 

Eddy Current standards are described in Article 26. In this case, 
the ASME E215 document has been adopted by ASME and 
reassigned the designation SE2/5. 


Military Standards (MIL-STD) 

The United States Military uses the military standard document 
to control testing and materials. Standard procedures are provided by 
a series of MIL-STD-XXXX documents. Special requirements are 
specified by the military specification system. For example, 
MIL-STD-1537A refers to Electrical Conductivity Test for 
Measurement of Heat Treatment of Aluminum Alloys, Eddy Current 
Method. MIL-STD-2032A is Eddy Current Inspection of Heat 
Exchanger tubing on ships of the United States Navy. 

The military standard usually contains several parts and is very 
descriptive. These parts normally include scope, applicable 
documents, definitions, general requirements, detail requirements 
and notes. 
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Glossary 


Absolute coil: Coil that responds to the electromagnctic properties of 


that region of the test part within the magnetic field of the coil, 
without comparison to the response of a second coil at a different 
location on the same or similar material. 

Absolute measurement: (1) Measurement made with an absolute 
coil. (2) Measurement of a property without reference to another 
measurement of that property. 

Acceptance criterion: Benchmark against which test results are to 
be compared for purposes of establishing the functional 
acceptability of a part or system being examined. 

Acceptance level: Measured value or values above or below which 
test objects are acceptable in contrast to rejection level. 

Acceptance limit: Test signal value used in electromagnetic testing, 
establishing the group to which a material under test belongs. 

Acceptance standard: Specimen, similar to the product to be tested, 
containing natural or artificial discontinuities that are well defincd 
and similar in size or extent to the maximum acceptable in the 
product. Acceptance standards are available also for material 
properties such as conductivity and hardness. 

Alternating current: Electrical current that reverses its direction at 
regular intervals. 

Alternating current field: Varying magnetic field produced around 
a conductor by alternating current flowing in the conductor. 

Alternating current magnetization: Magnetization by a magnetic 
field generated when alternating current is flowing. 

Ampere (A): SI unit of electric current. 

Amplitude response: Property of a test system whercby the 
amplitude of the detected signal is measured without regard to 
phase. See also phase analysis. 

Analog-to-digital converter: Circuit whose input is information in 
analog form and whose output is essentially the same information 
in digital form. 

Anisotropy: Having properties that differ according to the direction 
of measurement. 

Artificial discontinuity: See discontinuity, artificial. 

Artificial discontinuity standard: See acceptance standard. 

ASNT: American Society for Nondestructive Testing. 

ASNT Recommended Practice No. SNT-TC-1A: Sce 
Recommended Practice No. SNT-TC-IA. 
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Attenuation: Decrease in signal amplitude over distance, often 
called loss; can be expressed in decibels or as a scalar ratio of the 
input magnitude to the output magnitude. 

Automated system: Acting mechanism that performs required tasks 
at a determined time and in a fixed sequence in response to 
certain conditions. 

Band pass filter: Frequency filter that has a single transmission 
band between two cutoff frequencies. neither of the cutoff 
frequencies being zero or infinity. 

Bandwidth: Difference between the cutoff frequencies of a bandpass 
filter. 

Calibration, instrument: Adjustment of instrument readings to 
known reference standard. 

Central conductor: Electric conductor passed through the opening 
in a part with an aperture. or through a hole in a test object, for 
the purpose of creating a circular magnetic field in the object. 

Certification: With respect to nondestructive test personnel, process 
of providing written testimony that an individual is qualified. Sec 
also certified and qualified. 

Certified: With respect to nondestructive test personnel, having 
written testimony of qualification. See also certification and 
qualification. 

Circular magnetization: Magnetization in an object resulting from 
current passed longitudinally through the object itself or through 
an inserted central conductor. 

Circumferential coil: See encircling coil. 

Coil: One or more loops of a conducting material; a single coil may 
be an exciter and induce currents in the material or it may be a 
detector or both simultaneously. 

Coil clearance: See lift-off. 

Coil spacing: In electromagnetic testing, the axial distance between 
two encircling or inside coils of a differential or remote field test 
system. 

Conductance: Transmission of electric current through material. 
Measured in siemens (S). Inversely related to resistance R (ohm). 

Conductivity: Ability of material to transmit clectric current. 
Measured in siemens per meter. Inversely related to resistivity r. 

Contact head: Electrode assembly used to clamp and support an 
object to facilitate passage of electric current through the object 
for circular magnetization. 

Coupled: (1) Of two electric circuits, having an impedance in 
common so that a current in one causes a voltage in the other. 
(2) Of two coils, sharing parts of their magnetic flux paths. 

Coupling: Percentage of magnetic flux from a primary circuit that 
links a secondary circuit; effectiveness of a coil in inducing eddy 
currents in the test object. 

Current flow technique: Magnetizing by passing current through an 
object using prods or contact heads, The current may be 
alternating current or rectified alternating current. 
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Current induction technique: Magnetization in which a circulating 
current is induced in a ring component by a fluctuating magnetic 
field. 

Cycle: Single period of a waveform or other variable. See period. 

Defect: Discontinuity whose size. shape, orientation or location 
make it detrimental to the useful service of its host object or 
which exceeds the accepureject criteria of an applicable 
specification. Note that some discontinuities may not exceed 
specifications and are therefore not defects. Compare 
discontinuity and indication. 

Demodulation: Process wherein a carrier frequency modulated with 
a signal of lower frequency than the carrier frequency is 
converted to a close representation of the original modulating 
signal. See modulation. 

Depth of penetration: See skin effect and standard depth of 
penetration. 

Differential amplifier: Amplifier whose output signal is 
proportional to the algebraic difference between two input 
signals. 

Differential coils: Two or more physically adjacent and mutually 
coupled coils connected in series opposition such that an 
imbalance between them, causing a signal, will be produced only 
when the electromagnetic conditions are different in the regions 
beneath two of the coils. In contrast, comparator coils are not 
adjacent or mutually coupled. 

Differential measurement: In electromagnetic testing, the 
measurement of system imbalance by using differential coils, in 
contrast to absolute and comparative measurements. 

Differentiated signal: In electromagnetic testing, an output signal 
proportional to the input signal’s rate of change. 

Direct current: Electric current flowing continually in one direction 
without variation in amplitude through a conductor. 

Direct current field: Active magnetic field produced by direct 
current flowing in a conductor or coil. 

Discontinuity: Interruption in the physical structure or configuration 
of a test object. After nondestructive testing, unintentional 
discontinuities interpreted as detrimental to the serviceability of 
the host object may be called flaws or defects. Compare defect 
and indication. 

Discontinuity, artificial: Reference discontinuity such as hole, 
indentation, crack, groove or notch introduced into a reference 
standard to provide accurately reproducible indications for 
determining sensitivity levels. 

Domain: Any of numerous contiguous regions in a ferromagnetic 
material in which the direction of spontaneous magnetization is 
uniform and different from that in neighboring regions. 

Eddy current: Electrical current induced in a conductor by a time 
varying magnetic field. 
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Eddy current testing: Nondestructive test technique in which eddy 
current flow is induced in the test object. Changes in the flow 
caused by variations in the specimen arc reflected into a nearby 
coil, coils, Hall effect device or other magnetic flux sensor for 
subsequent analysis by suitable instrumentation and techniques. 

Edge effect: In electromagnetic testing, the disturbance of the 
magnetic field and eddy currents because of the proximity of an 
abrupt change in geometry, such as an edge of the test object. 
Sometimes called end effect. The effect generally results in the 
masking of discontinuities within the affected region. 

Effective depth of penetration: In electromagnetic testing, the 
minimum depth beyond which a test system can no longer 
practically detect a further increase in specimen thickness. 

Electric field: Vector field of either the electric field intensity (volt 
per meter) or of the electric flux density (coulomb per meter 
squared). 

Electromagnet: Ferromagnetic core surrounded by a coil of wire 
that temporarily becomes a magnet when an electric current flows 
through the wire. 

Electromagnetic acoustic transducer (EMAT): Electromagnetic 
device using lorentz forces and magnetostriction in conductive 
and ferromagnetic materials to generate and receive acoustic 
signals for ultrasonic nondestructive tests. 

Encircling coil: In electromagnetic testing, a coil or coil assembly 
that surrounds the test object. Such a coil is also called an annular 
coil, circumferential coil or feed-through coil. 

ET: Electromagnetic testing. 

Evaluation: Review following interpretation of indications, to 
determine whether they meet specified acceptance criteria. 

Excitation coil: Coil that carries the excitation current. Also called 
primary coil or winding. 

External discontinuities: Discontinuities on the outside or exposed 
surface of a test object. 

False indication: Test indication that could be interpreted as 
originating from a discontinuity but which actually originates 
where no discontinuity exists in the test object. Distinct from 
nonrelevant indication. Compare Defect. 

Ferromagnetic material: Material such as iron, nickel or cobalt 
whose relative permeability is considerably greater than unity and 
depends on the magnetizing force and often exhibits 
hysteresis. Materials that are most strongly affected by magnetism 
are called ferromagnetic. 

Fill factor: For encircling coil electromagnetic testing, the ratio of 
the cross-sectional area of the test object to the effective cross 
sectional core area of the primary encircling coil (outside 
diameter of coil form, not inside diameter that is adjacent to the 
object). For internal probe electromagnetic testing, the ratio of the 
effective cross sectional arca of the primary internal probe coil to 
the cross-sectional area of the tube interior. 
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Fill factor effect: Effect of fill factor on coupling between coil and 
test object. 

Flaw: Rejectable or unintentional anomaly. See also Defect and 
Discontinuity. 

Flux density: Sce Magnetic flux density. 

Flux leakage: See Magnetic flux leakage field: Magnetic flux 
leakage technique: Magnetic flux meter. 

Flux meter: See Magnetic flux meter. 

Hall detector: Semiconductor element that produces an output 
electromotive force proportional to the product of the magnetic 
field intensity and a biasing current. 

Hall effect: Potential difference developed across a conductor at 
right angles to the direction of both the magnetic field and the 
electric current. Produced when a current flows along a 
rectangular conductor subjected to a transverse magnetic field. 

Hertz: Measurement unit of frequency, equivalent to one cycle per 
second. 

Heterogeneity: The quality or state of being nonuniform or 
dissimilar. 

Horseshoe coil: Probe coil in which the ferrite core of the coil is 
horseshoe shaped. Also called a U-shaped coil. 

Hysteresis: Apparent lagging of the magnetic effect when the 
magnetizing force acting on a ferromagnetic body is changed; 
phenomenon exhibited by a magnetic system wherein its present 
state is influenced by its previous history. 

Hysteresis loop: Curve showing flux density B plotted as a function 
of magnetizing force H as magnetizing force is increased to the 
saturation point in both negative and positive directions 
sequentially, The curve forms a characteristic shaped loop. 

TACS: International Annealed Copper Standard. 

Impedance: Opposition that a circuit presents to the flow of an 
alternating current, specifically the complex quotient of voltage 
divided by current. 

Impedance analysis: In electromagnetic testing, an analytical 
technique that consists of correlating changes in the amplitude, 
phase, quadrature components or all of these of a complex test 
signal voltage to the condition of the test object. 

impedance-plane diagram: Graphical representation of the locus of 
points indicating the variations in the impedance of a test coil as a 
function of a parameter, such as conductivity or lift-off. 

Indication: Nondestructive test equipment response to a 
discontinuity that requires interpretation to determine its 
relevance. Compare Defect, Discontinuity and False indication. 

Indication, discontinuity: Visible evidence of a material 
discontinuity. Subsequent interpretation is required to determine 
the significance of an indication. 

Indication, false: See False indication. 
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Indication, nonrelevant: Indication due to misapplied or improper 
testing. May also be an indication caused by an actual 
discontinuity that does not affect the usability of the test object (a 
change of section, for instance). 

Indication, relevant: Indication from a discontinuity (as opposed to 
a nonrelevant indication) requiring evaluation by a qualified 
inspector, typically with reference to an acceptance standard, by 
virtue of the discontinuity’s size, shape. orientation or location. 

Induced current technique: See Current induction technique. 

Inductor: Device consisting of one or more associated windings, 
with or without a magnetic core, which impedes the flow of 
current. 

Initial permeability: Slope of the induction curve at zero 
magnetizing force as the test specimen begins to be magnetized 
from a demagnetized condition (slope at the origin of the B. 
curve before hysteresis is observed). 

Inserted coil: See Inside diameter coil. 

Inside coil: See Inside diameter coil. 

Inside diameter coil: Coil or coil assembly used for electromagnetic 
testing by insertion into the test piece, as with an inside probe for 
tubing. Also called inserted coil. 

International Annealed Copper Standard (IACS): Conductivity 
measurement system in which the conductivity of annealed, 
unalloyed copper is arbitrarily rated at 100% and in which the 
conductivities of other materials are expressed as percentages of 
this standard. See also Conductivity and Percent International 
Annealed Copper Standard. 

Leakage flux: (1) Magnetic flux of the coil that does not link with 
the test object. (2) Magnetic flux that leaves a saturated or nearly 
saturated specimen at a discontinuity. 

Level, acceptance: See Acceptance level. 

Level, rejection: See Rejection level. 

Lift-off: Distance between the probe coil and the test object. 

Lift-off effect: In an clectromagnetic test system output, the effect 
observed due to a change in coupling between a test object and a 
probe whenever the distance between them is varied. 

Longitudinal magnetic field: Magnetic field wherein the flux lines 
traverse the component in a direction essentially parallel with its 
longitudinal axis. 

Magnetic field: Distribution of a vector quantity that is a measure of 
an exerted magnetic force. 

Magnetic field indicator: Device used to locate or determine 
relative intensity of a flux leakage field. 

Magnetic field intensity: Strength of a magnetic field at a specific 
point. Measured in ampere per meter. 

Magnetic flux density: Normal magnetic flux per unit area, 
measured in tesla (T). 

Magnetic flux leakage field: Magnetic field that leaves or enters the 
surface of an object. 
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Magnetic flux leakage technique: Electromagnetic test technique 
for the detection and analysis of a surface discontinuity or near 
surface discontinuity using the flux that leaves a magnetically 
saturated, or nearly saturated, test object at a discontinuity. 

Magnetic flux meter: Electronic device for measuring field strength 
magnetic flux leakage. 

Magnetic flux leakage: Excursion of magnetic lines of force from 
the surface of a test object. 

Magnetic particle testing (MT): Nondestructive test method using 
magnetic leakage fields and indication materials to disclose 
surface and near surface discontinuities. 

Modulation: Process of imparting information to a carrier signal by 
the introduction of amplitude or phase perturbation. 

Multifrequency: Two or more frequencies applied sequentially or 
simultaneously to the test coil. 

Multifrequency technique: Use of the response of a test object 
to more than one frequency, usually to separate effects that would 
be indistinguishable at a single frequency. 

NDT: Nondestructive testing. 

Noise: In electromagnetic testing. any nonrelevant signal that tends 
to interfere with the normal reception or processing of a desired 
discontinuity signal. Such noise signals may be due to an 
extraneous source or generated by heterogeneitics in the test part 
that are not detrimental to the use of the part. 

Nondestructive testing (NDT): Determination of the physical 
condition of an object without affecting that object’s ability to 
fulfill its intended function. Nondestructive test methods typically 
use an appropriate form of energy to determine material 
properties or to indicate the presence of material discontinuitics 
(surface, internal or concealed). 

Nonferromagnetic material: Material not magnetizable and 
essentially not affected by magnetic fields. 

Percent International Annealed Copper Standard (%IACS): 
Measurement of conductivity as a percentage of the conductivity 
of pure copper, arbitrarily rated at 100%. Sce also International 

Anncaled Copper Standard. 

Period: Absolute value of the minimum interval after which the 
same characteristics of a periodic waveform or a periodic feature 
repcat. 

Permeability: Ratio of magnetic induction to magnctizing force. 
This relationship is either (1) absolute permeability, in gencral the 
quotient of magnetic induction divided by the magnetizing force, 
or (2) relative permeability (or specific permeability), a pure 
number that is the same in all unit systems. The valuc and 
dimension of absolute permeability depend on the system of units 
used. In anisotropic media, permeability is a matrix. 
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Phase analysis: Analytical technique that discriminates between 
variables in a part undergoing electromagnetic testing by the 
different phase angle and amplitude changes that these conditions 
produce in the test signal. See also Phase detection. 

Phase angle: Angular equivalent of the time displacement between 
corresponding points on two sine waves of the same frequency. 

Phase detection: Derivation of a signal whose amplitude is a 
function of the phase angle between two alternating currents, one 
of which is used as a reference. 

Pulse technique: Multifrequency technique in which a broadband 
excitation such as an impulse is used. Either the frequency 
components are extracted and analyzed or the interpretation is 
based directly on characteristics of the time domain waveform. 

Qualification: Process of demonstrating that an individual has the 
required amount and the required type of training. experience, 
knowledge and capabilities. 

Qualified: Having demonstrated the required amount and the 
required type of training. experience, knowledge and abilities. 

Recommended practice: Set of guidelines or recommendations. 

Recommended Practice No. SNT-TC-1A: Set of guidelines 
published by the American Society for Nondestructive Testing, 
for employers to establish and conduct a nondestructive testing 
personnel qualification and certification program. 

Reference standard: Reference used as a basis for comparison or 
calibration. In tube testing, a tube with artificial discontinuities 
used for establishing the test sensitivity setting and for 
periodically checking and adjusting the sensitivity setting as 
required. See also Acceptance standard. 

Rejection level: Value established for a test signal above or below 
which test specimens are rejectable or otherwise distinguished 
from the remaining specimens. This level is different from the 
rejection level as defined for ultrasonic and other test systems. 

Relative permeability: Ratio of the permeability of the material to 
the permcability of a vacuum. 

Sensing coil: Coil that detects changes in the flow of eddy currents 
induced by an excitation coil; sensing and excitation coils can be 
one and the same. Also called detector coil. 

Signal: Physical quantity, such as electrical voltage, that contains 
relevant information. 

Signal-to-noise ratio: Ratio of signal values (responses that contain 
relevant information) to baseline noise values (responses that 
contain nonrelevant information). See Noise. 

Skin depth: Standard depth of penetration. See also Skin effect. 

Skin effect: Phenomenon wherein the depth of penetration of 
electrical currents into a conductor decreases as the frequency of 
the current is increased. At very high frequencies, the current flow 
is restricted to an extremely thin outer layer of the conductor. See 
Standard depth of penetration. 

SNT-TC-1A: See Recommended Practice No. SNT-TC-1A. 
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Specification: Set of instructions or standards invoked by a specific 
customer to govern the results or performance of a specific set of 
tasks or products. 

Standard: (1) Physical object with known material characteristics 
used as a basis for comparison or calibration: reference standard. 
(2) Concept established by authority. custom or agreement to 
serve as a model or rule in the measurement of quantity or the 
establishment of a practice or procedure. (3) Document to control 
and govern practices in an industry or application, applicd on a 
national or international basis and usually produced by consensus. 
Sec also Acceptance standard and Reference standard. 

Standard depth of penetration: In electromagnetic testing, the 
depth at which the magnetic field intensity or intensity of induced 
eddy currents has decreased to 37% of its surface value. The 
square of the depth of penetration is inversely proportional to the 
frequency of the signal, the conductivity of the material and the 
permeability of the material. See also Skin effect. 

Test coil: Section of a coil assembly that excites or detects the 
magnetic field in the material under electromagnctic test. 

Test frequency: In electromagnetic testing, the number of complete 
cycles per unit time of the alternating current applied to the 
primary test coil. 

Three-way sort: Electromagnetic sort based on a test object signal 
response above or below two levels established by three or more 
calibration standards. 

Threshold level: Setting of an instrument that causes it to register 
only those changes in response greater or less than a specified 
magnitude. 

Through-transmission: Of or pertaining to electromagnetic 
techniques where the excitation field penetrates the test object so 
that the detected signal is responsive to features external to or on 
the opposite surface. The primary coil and secondary coil are 
positioned on opposite sides of the product to be inspected. 

Volt (V): Measurement unit of electric potential. 
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Appendix 


Units of Measure for Electromagnetic Testing 


Table 1: SI base units. 
Quantity 


Length meter m 
Mass kilogram kg 
Time second s 
Electric current ampere A 
Temperature kelvin K 
Amount of substance mole mol 
Luminous intensity candela 


Table 2: SI derived units with special names. 


- : Relation to 
Quantity Units Symbol Other SI Unite? 


Capacitance farad C V-! 
Catalytic activity katal kat s-l-mol 
Conductance siemens S A: V-I 
Energy joule J N:m 
Frequency (periodic) hertz Hz ps 
Force newton N kgnrs 
Inductance henry H Wb: A-! 
Illuminance lux Ix Imm? 
Luminous flux lumen Im ed-sr 
Electric charge coulomb E Avs 
Electric potentiale volt V W-A-l 
Electric resistance ohm Q V-Arl! 
Magnetic flux weber Wb V's 
Magnetic flux density tesla T Wb:m 2 
Plane angle radian rad 1 
Power watt W ys 
Pressure (stress) pascal Pa N-m-2 
Radiation absorbed dose gray Gy J-kg-! 
Radiation dose equivalent sievert Sv Jkg-l 
Radioactivity becquerel Bq Ls 
Solid angle steradian sr 1 
Temperature, celsius degree celsius °C K 
Time hour h 3600 s 
Volume? liter L dm? 
Legend 


a. Hour and liter are not SI units but are accepted for use with the SI. 
b. Number one (1) expresses dimensionless relationship. 
c. Electromotive force. 
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Table 3: Example of conversions to SI units. 


Quantity Measurement in Multiply To Get Measurement 
Non SI Unit by in SI Unit 


Angle minute (min) 2 908882 x 10-4 radian (rad) 
degrec (deg) 1.745329 x 102 radian (rad) 

Area square inch (in.2) 645 square millimeter (mm?) 

Distance angstrom ( A) 0.1 nanometer (nm) 
inch (in.) 254 millimeter (mm) 

Energy British thermal unit (BTU) 1.055 kilojoule (kJ) 
calorie (cal), thermochemical 4.184 joule (J) 

Power British thermal unit per hour (BTU h`!) 0.293 watt (W) 

Specific heat British thermal unit per pound 4.19 kilojoule per kilogram per kelvin (kJ-kg-!-K=1) 

degree Fahrenheit (BTU:Ib °F!) 

Force (torque, couple) foot-pound (ft-lbf) 1.36 joule (JNA 

Pressure pound force per square inch (Ib. in 2) 6.89 kilopascal (kPa) 

Frequency (cycle) cycle per minute 60! hertz. (Hz) 

llluminance footcandle (fic) 10.76 lux (Ix) 
phot (ph) 10 000 lux (Ix) 

Luminance candela per square foot (cd-ft-?) 10.76 candela per square meter (cd-m-?) 
candela per square inch (cd-in-) 1 550 candela per square meter (cd-m-2) 
footlambert (ftl) 3.426 candela per square meter (cd-m-2) 
lambert 3 183 (= 10 000/z) candela per square meter (cd-m?) 
nit (nt) ] candela per square meter (ed-m-?) 
stilb (sb) 10 000 candela per square meter (cd-m~) 

Radioactivity curie (Ci) 37 gigabecquerel (GBq) 

Ionizing radiation exposure roentgen (R) 0.258 millicoulomb per kilogram (mC-kg-1) 

Mass pound (Ibi) 0.454 kilogram (kg) 

Temperature (difference) degree Fahrenheit (°F) 0,556 kelvin (K) or degree Celsius (°C) 

Temperature (scale) degree Fahrenheit (°F) (°F — 32)/1.8 degree Celsius (°C) 

Temperature (scale) degree Fahrenheit (°F) (°F — 32)/1.8) + 273.15 kelvin (K) 


Table 4: SI prefixes and multipliers. 


Prefix Symbol Multiplier 


yotta Y 

zetta Z 104 
exa E 1013 
peta P 1015 
tera T 1012 
giga G 109 
mega M 106 
kilo k 103 
hecto? h 10? 
deka (or deca)# da 10 
deci# d 10-1 
centi? c 10-2 
milli m 10-3 
micro u 10-6 
nano n 10-9 
pico p 10-12 
femto f 10-15 
atto a 10-18 
zepto z 10-2! 
yocto y 10-24 


a. Avoid these prefixes (except in dm? and cm?) for science and 
engineering. 


Table 5: Units from the centimeter-gram-second (CGS) system of units and not accepted for 
use with SI. Factor to convert each CGS unit to SI unit is given. 
Physical Quantity CGS Unit Multiply by SI Unit 
Basie CGS Units 

Magnetic field intensity oersted (Oe) 103: (45-1 ampere per meter — À:m7! 
Magnetic flux max well (Mx) 10-8 weber Wb 
Magnetic flux density gauss (G) 10-4 tesla T 
Mag potential difference gilbert (Gb) I0-(4x)-! ampere 

Electromagnetic CGS Units 


SI Symbol 


Capacitance abfarad 109 farad F 
Charge abcoulomb 10 coulomb Ẹ 
Conductance abmho 109 siemens S 
Current abampere 10 ampere A 
Inductance abhenry 10-9 henry H 
Mag ficld intensity abampere/cm 103 ampere per meter Amr! 
Potential abvolt 1078 volt V 
Resistance abohm 10-9 ohm Q 
Electrostatic CGS Units 

Capacitance statfarad 1.112650 x 10-1? farad F 
Charge statcoulomb 3.3356 x 10-10 coulomb C 
Conductance statmho 1.11265x10-!2 siemens S 
Current statamperc 3.335641 x 10-1! ampere A 
Inductance stathenry 8.987 552 x 10!! henry H 
Potential statvolt 2.997 925 x 10? volt V 
Resistance statohm 8.987 55 x 10!! ohm Q 
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relative conductivity bv eddy current meter reading, 94 
aluminum alloy 2024-T4 
conductivity, 58table 
aluminum alloy 6061-T6 
conductivity, 58table 
aluminum alloy 7075-T6 
conductivity, 58table 
aluminum alloy UNS A92024, 77 
edge effects in conductivity measurement, 61 
relative conductivity by eddy current meter reading, 94 
aluminum alloy UNS A95052 
relative conductivity by eddy current meter reading. 94 
aluminum alloy UNS A97075, 77 
lift-off and edge effect loci on impedance-plane 
diagram, 76 
aluminum brass 
heat exchanger tubing, 97 
aluminum bronze 
relative conductivity by eddy current meter reading, 94 
aluminum nickel 
in permanent magnets, 105 
amber, 3 
American Society for Nondestructive Testing (ASNT), 8 
American Society for Testing Materials (ASTM) 
standards, 132-133 
American Society of Mechanical Engineers (ASME) 
standards, 133 
ammeter, in eddy current test circuits, 21-22 
ampere, 13 
analog meters, for eddy current testing, 24, 25-26 
annealing 
eddy current testing applications, 99 
ANSI/ASNT CP-189-1991, 8-9 
antimony 
conductivity and resistivity, 59table 
arctan, 20 
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artificial discontinuity reference standards, 130 

ASME. Boiler and Pressure Vessel Code, 133 

ASME E-215, 133 

ASME SE-215.133 

ASNT CP-189, 8 

ASTM E309-77, 132 

ASTM E376-69 (1979). 133 

ASTM £426-76 (1981). 133 

ASTM ES66-82, 133 

ASTM ES70-69, 133 

ASTM E703-70, 133 

ASTM E2096-00. 120 

audio alarms. for eddy current testing, 25 

balance-ol-plant heat exchanger tubes, eddy current 

testing, 97 


B 


ball bearings 
Hall effect sensor for. 50 
bandwidth. and choice of eddy current sensing clements, 37 
bar mugnets, 42, 43 
bars 
direct current magnetization, 107 
eddy current testing of hot rolled, 99 
encircling coil applications, 32 
end effect, 62 
[lux leakage testing applications, 111 
billets 
direct current magnctization, 107 
eddy current testing applications, 99 
factors affecting flux leakage fields, 101-103 
flux leakage fields, 101-102 
flux leakage testing applications for round, 111 
flux leakage testing applications for squarc, 112 
magnetic tape system applications, 53 
bobbin coils, 32 
chemical and petroleum industry applications, 96 
clectric power applications, 96 
end effect reduction, 62 
fill factor, 89 
for heat exchanger tubing applications, 109 
test coil arrangements, 33-36 
boiler tubes 
flux leakage testing applications for installed, 113 
bolt holes 
eddy current testing applications, 93 
surface coil applications, 30 
brass 
conductivity of 70-30. 58rable 
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effect of Irequency on thickness measurements, 72 

heat exchanger tubing. 97 

permeability, lift-off, and conductivity loci on 
impedance-plane diagram, 75 

relative conductivity by eddy current meter reading, 94 

thickness loci on impedance-plane diagram, 70, 71 

thickness testing ol coatings on, 92 

bronze 

conductivity and resistivity of commercial annealed, 
59table 

conductivity of phosphor, 58rable 

effect of frequency on impedance-plane diagram, 69 

relative conductivity by eddy current meter reading, 94 


E 


cadmium 
conductivity and resistivity. 59rable 
thickness testing of coatings, 92 
calcium 
conductivity and resistivity, 59rable 
calibration standards, 127-128 
use with external comparison technique, 35 
carbon steel 
heat exchanger tubing, 97 
remote field testing, 117 
cathode ray tube ellipse display method, 80 
cathode ray tubes (CRIs). for eddy current testing, 24, 26 
cathode ray tube vector point method. 79-80 
cellophane 
for lift-off reference standard. 130 
center effect. 32 
centrifugal chillers, eddy current testing, 98 
CGS units, for electromagnetic testing, 147 table 
chemical industry 
eddy current testing applications. 96 
chromium 
conductivity and resistivity, S9table 
coatings 
ac field measurement technique application, 124 
optimum eddy current testing frequency, 83 
thickness testing for, 91, 92 
coating thickness reference standards. 129 
cobalt 
conductivity and resistivity, 59rable 
relative conductivity by eddy current meter reading, 94 
coercive force, 46 
coil impedance, See impedance 
coils. See bobbin coils: encircling coils; surface coils 
conductive coatings, 60 


conductive coating thickness, 92 
conductivity, 57-58 
and depth of penctration of eddy currents, 83, 84. 85 
eddy current testing applications, 93-94 
cffect on impedance-plane diagram, 65-67 
factors affecting. 58-62 
and impedance-plane diagram. 74-79 
selected metals and alloys. 58rable, 59rable 
suppression of conductivity variable on impedance- 
plane diagram, 73 
conductivity measurement, 93-94 
and impedance-plane diagram, 78, 79 
optimum eddy current testing frequency. 83 
conductivity reference standards, 128-129 
conductors, 13-14, 57 
copper, 78 
conductivity and resistivity, 59rable 
conductivity of annealed, 58table 
depth of penetration versus frequency, 86 
effect of frequency on impedance-plane diagram, 68- 
69 
frequency effect on impedance-plane diagram. 68 
às good conductor, 57 
International Annealed Copper Standard (IACS) 
system. 57, 128 
permeability, lift-off, and conductivity loci on 
impedance-plane diagram, 75 
relative conductivity by eddy current meter reading, 94 
thickness loci on impedance-plane diagram, 70. 71 
thickness testing of coatings. 91, 92 
thickness testing of coatings on, 92 
copper nickel alloys, 59 
corrosion 
optimum eddy current testing frequency, 83 
stcam gencrators, 96 
wire rope inspection, 110 
corrosion pitting 
ac field measurement indications, 125 
underground pipelines, 111 
in wire rope, 110 
cracks. See also fatigue cracks; subsurface discontinuities 
ac field measurement indications, 121, 124-125 
calibration standards, 127, 128 
eddy current testing applications, 91 
flux leakage detectability. 39 
flux leakage testing for detection. 8 
and impedance-plane diagram. 78, 79 
natural discontinuity reference standards. 129, 130 


optimum eddy current testing frequency for 
detection, 83 
petroleum and gas pipelines, 111 
surface coil applications. 30 
C-scan displays, 26 
current, 4, 5, 13 


D 


demodulation and analysis, eddy current instrumentation, 24 
depth of penetration, of eddy currents. 83-87 
differential coil arrangement 
external comparison technique, 35 
self-comparison technique, 34 
digital conductivity meters, 26 
digital data storage 
for eddy current testing. 26 
for remote field testing. 115. 117-118 
digital displays, for eddy current testing. 26-27 
digital meters, for eddy current testing, 24, 26 
digital mixing. for eddy current testing. 26 
digitization rate, and choice of eddy current sensing 
elements, 37 
dimensional factors, effect on coil impedance, 62-63 
direct current magnetization, 106. 107-108 
discontinuities 
ac field measurement technique application, 121-125 
eddy currents distorted by, 64, 90 
eddy current testing applications. 91 
effect on coil impedance, 63-64 
effect on flux leakage fields, 101-103 
elfects on coil impedance, 63-64 
[lux leakage testing for detection, 8 
heat exchanger tubes, 109-110 
magnetodiode applications for tubes, 53 
optimum eddy current testing frequency for 
detection, 83 
discontinuity reference standards, 127, 129-131 
double coil arrangement, of eddy current sensing 
clements. 33-34 


E 

eddy current hole probe, 94 

eddy currents 
depth of penetration. 83-87 
distortion by discontinuity, 64. 90 
generation, 6-7. 13-14 

eddy current sensing elements, 29-33 
factors affecting choice of. 36-37 
test coil arrangements, 33-36 
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eddy current testing. See also conductivity; fill factor: 
impedance; lift-off 
alternating current field measurement technique, 
121-125 
applications, 91-100 
basic principles, 6-7 
basic test system setup. 6 
cathode ray tube methods, 79-80 
coil impedance, 57-62 
coupling, 89-90 
excitation frequency, 7 
generation, 13-14 
impedance testing systems. 65 
instrumentation, 21-24 
modulation analysis systems. 80-82 
phase analysis systems, 65-79 
readout mechanisms, 25-27 
remote field, 115-120 
sensing elements. 29-37 
test frequency selection, 83-87 
theory, 13-20 
edge effects 
effect on ac field measurement technique, 124 
effect on conductivity, 60-61 
loci on impedance-plane diagram, 76, 78, 79 
electrical conductivity, See conductivity 
electrical current, 4. 5. 13 
electrical resistivity, See resistivity 
electric power industry 
eddy current testing applications. 96-98 
electromagnetic fields, 13 
electromagnetic induction, 3, 5, 13 
und electromotive force, 14 
self induction, 17 
electromagnetic testing. See also eddy current testing: 
flux leakage testing 
applications of eddy current testing, 91-100 
applications of flux leakage testing, 109-114 
calibration standards, 35, 127-128 
coupling, 89-90 
introduction, 3-11 
Level I personnel. 8, 11 
Level II personnel, 8, 11 
Level III personnel, 9, 11 
magnetization method selection, 105-108 
personnel certification, 10-11 
personnel qualification. 8-10 
reference standards, 92-93, 120, 127. 128-131 
standards and procedures, 127-133 
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standards and specifications, 132-133 
units for. l45table, 146table, 14 Trable 
electromagnetic yoke, 105 
electromagnets, 105-106 
electromotive force, 5. 14 
electrons, 13 
encircling coils, 31-32, 106 
end effect reduction, 62 
fill factor, 89 
end effect, 62 
external comparison technique, 35 


F 
Faraday. Michael. 5 
Faraday's law of electromagnetic induction, 5, 14 
fastener holes 
calibration standards for cracks, 127, 128 
surface coil applications, 30 
fatigue cracks 
ac field measurement indications, 121, 124, 125 
aircraft structures, 95 


natural discontinuily reference standards, 129, 130 


feed-through coil, 31 
ferrites 
in inductive coil sensors, 49 
nickel zinc ferrite cores, 74. 75 
ferromagnetic materials, 44. See also iron: steel 
hysteresis, 45 
ferro-probe, 51 
fill factor, 89-90 
remote ficld testing, 116, 117 
flat coil. 29 
flux density. 43, 101 
flux-gate magnetometer, 51 
flux leakage fields. See also magnetization 
detecting, 7-8 
factors affecting, 101-103 
magnitudes, 108 
flux leakage sensing elements, 49-54 
flux leakage testing 
applications. 109-114 
basic principles. 7-8 
excitation frequency, 7 
magnetization method selection. 105-108 
sensing clements, 49-54 
theory, 39-48 
typical signal, 8 
flux lines. 42 


forming 
eddy current testing applications, 99 
Forster, Friedrich, 6 
Forster probe, 51 
frequency, 7 
alternating current. 17 
and choice of eddy current sensing elements, 36 
and depth of penetration of eddy currents, 83-87 
effect on impedance-plane diagram. 68-70 
effect on thickness measurements, 71-72 
limit frequency, 85 
frequency selection. 83 
multi-frequency systems, 86-87 
for remote field eddy current testing, 117 
single frequency systems, 86 


A 


gage corner cracking. 125 
gain lincarity, and choice of eddy current sensing 
elements, 36 
gas pipelines 
flux leakage testing applications, 111-112 
gauss, 43 
glass 
as non-conductor, 57 
gold 
conductivity, 58table, S9rable 
relative conductivity by eddy current meter reading, 
94 
resistivity, 59rable 
graphile 
depth of penetration versus frequency, 86 
effect of frequency on impedance-plane diagram, 69 


H 
Hall effect sensors, 8, 39, 50-51 

above-ground storage tank [oor applications, 114 
heat exchanger tubing applications, 109-110 

installed heat exchanger/boiler tubing application. 113 
hardening 

eddy current testing applications, 98. 99 
hardness 

effect on conductivity. 59 
Hastelloy 

thickness loci on impedance-plane diagram. 71 
Hastelloy X 

conductivity, 58table 
heat exchanger tubes 

balance-of-plant. in electric power applications, 97 
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chemical and petroleum applications, 96 
flux leakage testing applications. 109-110 
flux leakage testing applications for installed. 113 
internal coil applications. 33 
surface coil applications. 30 
heat trcating 
eddy current testing applications, 99 
hertz (Hz), 17, 83 
high-alloy steel, See Steel, high-alloy 
hole probe, 30 
holes 
artificial discontinuity reference standards. 130 
bolts, 30, 93-94 
fasteners, 30, 127, 128 
rivets, 30 
horizontal deviation, and choice of eddy current sensing 
elements, 36 
hot rolled bars, eddy current testing, 99 
hybrid coil arrangements, of eddy current sensing 
elements. 35-36 
hydrogen induced cracking 
ac field measurement indications, 125 
hydrogen sulfide cracking, 125 


I 


impedance, 7, 18-20 
conductivity of test object effects. 57-62 
dimensional factors of test object, 62-63 
discontinuity effects of test object, 63-64 
and fill factor, 89 
and inductive reactance, 20 
and lift-off, 89 
permeability of test object elects, 62 
readout mechanisms, 25-27 
and resistance, 20 
impedance bridge circuit, 21-22 
impedance-plane diagram, 18-19. 65 
conductivity and permeability, 74-79 
conductivity locus, 65-68 
effect of frequency, 68-70 
effect of frequency on thickness measurements, 71-72 
effect of material thickness. 70-71 
suppression of conductivity variable, 73 
suppression of lift-off variable, 72-73 
impedance testing systems. 65 
impedance vector, 18-19 
Inconel 600 
conductivity, 58rable 
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indium antinomide 
in Hall effect sensors, 50 
induced currents. 3-4 
induction. See electromagnetic induction 
induction coil. 8, 39 
inductive coil sensors, 49-51 
inductive reactance, 18 
and impedance, 20 
industrial air conditioning chillers, eddy current testing, 97 
industry specifications, 132-133 
initial magnetization, 103 
inner diameter coil, 32 
inside probe, 32 
inspection coils. 29 
instrumentation 
eddy current testing. 21-24 
for remote field testing. 115-117 
internal coils, 32-33, See also bobbin coils 
International Annealed Copper Standard (IACS) system, 
57, 128 
iron. See also stainless steel: steel 
conductivity and resistivity of pure, 59rable 
as ferromagnetic material, 44 
permeability, 62 
iron, ingot 
conductivity and resistivity, 59iable 
depth of penetration versus frequency. 86 


J 


jet engines 
eddy current testing applications, 95 


L 


lamination 
eddy current testing applications. 91 
laps 
eddy current testing applications. 91 
lead 
relative conductivity by eddy current meter reading. 94 
thickness loci on impedancc-planc diagram, 70,71 
thickness testing of coatings, 92 
Level 1 personnel 
certification for. || 
qualification for. 8 
Level II personnel 
certification for. 11 
qualification for, 8 
Level III personnel 
certification for. || 
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qualification for, 9 
lift-off. 89 
and depth of penctration of eddy currents, 83 
loci on impedance-plane diagram, 67-68, 78, 79 
suppression of lift-off variable on impedance-plane 
diagram, 72-73 
lift-off reference standards, 130-131 
limit frequency. 85 
lines of force, 42 
liquid crystal displays (LCDs). for eddy current testing, 
24,27 
lodestone, 3 


M 


magnesium 
conductivity, S8/able 
conductivity and resistivity of pure, 59rable 
relative conductivity by eddy current meter reading, 94 
magnetic attraction, 3-6 
magnetic domains, 44-45 
and B and H curve. 40-42 
magnetic ficld intensity, 41 
magnetic field lines, 42 
magnetic fields. 42 
in eddy current testing, 6-7 
in flux leakage testing, 7-8 
right hand rule for. 43-44 
magnetic flux density, 41.43, 101 
magnetic flux leakage fields, See flux leakage fields: flux 
Icakage testing 
magnetic flux lines, 42 
magnetic hysteresis, 44-45 
magnetic particle testing, 7-8. 39 
magnetizing current level, 54 
magnetic permeubilitv, 47-48, 62 
and depth of penetration of eddy currents, 83, 84 
effects on coil impedance, 62 
and impedance-planc diagram, 74-79 
magnetic resonance sensors, 54 
magnetic tape system, 53 
magnetism. 39, 42 
early observations of, 3-6 
magnetite, 3 
magnetization 
degree of initial, 103 
direct current, 106, 107-108 
in flux leakage testing. 7-8 
method selection, 105-108 
magnetizing coils, 106-107 


magnetodiodes. 51-33, 111 
magnetostatic energy, 40 
material sorting 
alloys, 83 
eddy current testing applications, 98 
sorting reference standards, 131 
Maxwell. James Clerk, 3. 5-6 
Maxwell's equations. 5, 7 
metals 
conductivity of selected, S8rable, S9rable 
primary metals industries eddy current testing 
applications. 99-100 
relative conductivity of selected by eddy current 
meter readings, 94 
resistivity of selected, 59rable 
metal spacing. 92 
metal thickness, 92 
military standards, 133 
MIL-STD-1537A.133 
MIL-STD-2032A. 133 
modulation analysis systems, 80-82 
molybdenum 
conductivily and resistivity. 59rable 
relative conductivity by eddy current meter reading, 94 
Monel 
conductivity, 58rable 
mooring wire rope inspection, 111 
multi-frequency systems. 86-87 
signal excitation. 23 
multi-parameter systems, 86 
narrow encircling coil. 31 


N 


natural discontinuity reference standards, 127, 129-130 
neodymium iron boron 

in permanent magnets, 105 
nickel 

conductivity und resistivity, 59rable 

as poor conductor. 57 

thickness testing of coatings, 91, 92 
nickel copper 

heat exchanger tubing, 97 
nickel zinc ferrite cores, 74, 75 
non-conductors, 14, 57 
normalizing 

eddy current testing applications. 99 
nuclear magnetic resonance magnetometers, 54 


O 


Oersted, Hans Christian, 4 
ohm, 15 

Ohm’s law, 15 

outer diameter coil. 31 


P 
pancake coil, 29 
paper 
for lift-off reference standard. 130 
pencil probe, 29 
permanent magnets, 105 
B and H curve. 40-42 
permeability, See magnetic permeability 
personnel certification, 10-11 
personnel qualification. 8-10 
Personnel Qualification and Certification in 
Nondestructive Testing: Recommended Practice 
No. SNT-TC-IA, 8. 9. 10 
petroleum industry 
eddy current testing applications, 96 
petroleum pipclines 
flux leakage testing applications, 111-112 
phase amplitude diagram, in remote field testing, 117. 119 
phase analysis systems, 65-79 
phase angle. 17 
and impedance-plane diagram, 19 
and inductive reactance, 20 
and resistance, 20 
phase discrimination, 24 
phase lag, 17 
phosphor bronze 
conductivity, stable 
relative conductivity by eddy current meter reading. 94 
pigs. lor pipeline inspection. 112 
pipeline inspection, 111-112 
pits. See also corrosion pitting 
artificial discontinuity reference standards, 130 
eddy current testing applications. 91, 93, 96 
plates 
ac ficld measurement technique application. 124 
magnetic tape system applications. 53 
polyethylene terephthalate 
for lift-off reference standard, 130 
primary field. 13 
primary metals industries 
eddy current testing applications, 99-100 
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principle of self induction. 17 
probe coil, 29 

procedure, 132 

pythagorean theorem, 19 


Q 


quadrature accuracy, and choice of eddy current sensing 
elements, 37 
quasistatic magnetic field, 7 


R 
rail head fatigue cracks, ac field measurement indications, 
125 
readout mechanisms, for eddy current testing. 25-27 
Recommended Practice No. SNT-TC-1A. 8,9, 10 
rcference coil, 22 
reference standards. 127, 128-131 
for remote field testing. 120 
for thickness testing, 92 
remanence, 45 
remote field eddy current testing, 115 
remote ficld testing, 115-120 
instrumentation, 115-117 
reference standards for, 120 
residual field testing, 107, 108 
residual flux leakage fields, 101 
residual magnetism, 45-47, 62 
residual stresses 
effect on conductivity, 60 
resistance, 15 
and impedancc, 20 
resistivity, 57-58 
and depth of penetration of eddy currents, 84 
selected metals and alloys, 59table 
retentivity, 45. 46 
reverse magnetization saturation point, 46 
reverse polarity saturation point, 47 
reverse residual magnetism, 46 
rhodium 
relative conductivity by eddy current meter reading, 94 
right hand rule, for magnetic fields, 43-44 
rivet holes 
surface coil applications, 30 
rods 
eddy current testing applications, 100 
round bars 
flux leakage testing applications. 111 


S 


samarium cobalt 
in permanent magnets, 105 
sample rate, and choice of eddy current sensing elements, 37 
scams 
eddy current testing applications. 91 
selenium 
conductivity and resistivity, 59rable 
self-comparison technique, 34 
self inductance, 17 
sensing elements 
eddy current testing, 29-37 
flux leakage testing, 49-54 
signal analysis, 7. 24 
remote field testing, 115, 117-120 
signal demodulation, eddy current instrumentation, 24 
signal display. eddy current instrumentation, 24 
signal excitation, 23 
and choice of eddy current sensing elements, 36 
signal modulation, cddy current instrumentation, 23 
signal preparation, eddy current instrumentation, 24 
signal-to-noise ratio, eddy current instrumentation, 24 
silicon bronze 
relative conductivity by eddy current meter reading, 94 
Silver 
conductivity, S8table 
conductivity and resistivity of tin solder, 59rable 
as good conductor, 57 
relative conductivity by eddy current meter reading. 94 
sine wave. ac generators, 16 
single coil arrangement, of eddy current sensing clements. 
33 
single frequency systems, 86 
signal excitation, 23 
ST units, for electromagnetic testing, |45rable. 146rable, 
147rable 
skin effect, 61 
smart pigs, 112 
socket welds 
surface testing, 95 
sorting reference standards, 131 
specifications, 132-133 
speed filter, 24 
spinning probe technique, 31 
stainless steel 
depth of penetration versus frequency, 86 
heat exchanger tubing. 97 
surface testing of pipes, 95 
thickness loci on impedance-plane diagram, 71 
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stainless stec] 304, 59 
conductivity, S8rable 
effect of frequency on impedance-plane diagram, 69 
stainless steel 316, 59 
stainless stecl 316L. 59 
stainless stecl UNS S30400. 77 
standards 
calibration standards, 35, 127-128 
and procedures, 127-133 
reference standards, 92, 120, 127, 128-131 
and specifications, 132-133 
steam gencrators 
eddy current testing applications. 96 
steel, 78. See also stainless steel 
coating thickness reference standards, 129 
hysteresis loop for annealed low carbon. 47, 48 
hysteresis loop for hardened steel. 47, 48 
hysteresis loop for unmagnetized, 46 
hysteresis loops, 46 
permeability of hardened ferromagnetic, 62 
phase angle changes on impedance plane caused by 
frequency changes, 77 
as poor conductor, 57 
remote field testing, 117 
sorting reference standard, 131 
testing of hot rods and wires, 100 
testing of square billets. 99 
thickness testing of coatings on, 91, 92 
wire rope inspection, 110-111 
steel, high-alloy 
conductivity and resistivity, S9rable 
depth of penetration versus frequency, 86 
steel alloy UNS G43400 
lift-off and edge effect loci on impedance-plane 
diagram, 76 
permeability. lift-off. and conductivity loci on 
impedance-plane diagram, 74, 75 
stecl alloy UNS J91422, 74, 75 
storage tank floors (above-ground) 
flux Icakage testing applications, 113-114 
Stress corrosion cracking 
ac field measurement indications, 124, 125 
aircraft structures, 95 
stress oriented hydrogen induced cracking, 125 
strip-chart recorders 
for eddy current testing, 25-26 
for modulation analysis. 80 
for remote field testing, 117, 118 


subsurface discontinuities 
effects on coil impedance, 63 
flux leakage fields, 102-103 
magnetic particles attracted by, 40 
surface coils, 29-31 
test coil arrangements, 33-36 
surface cracks 
flux leakage. 39 
natural discontinuity reference standards, 130 
surface tests, 95 


T 


tangent, 20 
temperature 
effect on conductivity, 60 
test [requency sclection, See frequency selection 
testing coil, 22 
thickness 
conductive coating thickness, 92 
effect on impedance measurement, 63 
effect on impedance-plane diagram, 70-71 
metal thickness, 92 
thickness testing 
aerospace applications, 91 
coating thickness reference standards, 129 
effect of frequency on measurements, 71-72 
and impedance-plane diagram, 78, 79 
optimum eddy current testing frequency, 83 
reference standards for, 92 
through transmission arrangement, of eddy current 
sensing elements, 35-36 
lin 
conductivity and resistivity of foil, 59table 
conductivity and resistivity of pure, S9rable 
relative conductivity by eddy current meter reading, 94 
titanium 
conductivity, 58table 
degree of hardening determination. 98 
depth of penctration versus frequency, 86 
heat exchanger tubing, 97 
permeability, lift-off, and conductivity loci on 
impedance-plane diagram, 75 
thickness loci on impedance-plane diagram, 70. 71 
titanium alloy UNS R56401, 77 
titanium aluminum vanadium alloy (Ti-6A1-4V) 
conductivity, S8rable 
effect of frequency on impedance-plane diagram, 69 
tubing. See also heat exchanger tubes 
calibration standards, 127. 128 
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direct current magnetization, 107-108 
encircling coil applications, 32 
end effect. 62 
flux leakage testing applications, 111, 113 
internal coil applications, 33 
magnetodiode applications. 53 
remote field testing. 117, 120 
single frequency eddy current system applications, 86 
strip-chart recorder applications, 25-26 
surface coil applications, 30 
tungsten 
conductivity and resistivity, 59table 
turbine blades 
surface testing, 95 
turbine rotors 
surface testing. 95 


U 


unit conversions, for electromagnetic testing. |46rable 

Unites States military standards, 133 

units, for electromagnetic testing. 145rable, I46table, 
I 4Ttable 


V 


vertical deviation, and choice of eddv current sensing 
clements, 36 

virgin curve, 45. 46 

volt. 14 

voltage, 14 

voltage-plane diagram, 19 

voltmeter. in eddy current test circuits, 21 


W 
Waspaloy 
conductivity. 58table 
weber. 106 
welds 
ac field measurement technique application, 121. 124 
surface testing of socket. 95 
wet alternating current fluorescent techniques, 39 
Wheatstone bridge. 21-22 
wide encircling coil, 31 
wire rope inspection 
flux leakage testing applications, 110-111 
wires 
eddy current testing applications, 100 
wood 
as non-conductor. 57 
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Z 
zinc 
conductivity and resistivity of commercial rolled. 
59table 
relative conductivity by eddy current meter reading, 94 
thickness testing of coatings. 91, 92 
Zircaloy-2 
conductivity, 38rable 
zirconium 
conductivity, 58rable 
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